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ABSTRACT OF DISSERTATION

Synthesis of Metal Oxide Surface and Interface Arrays by a Combined Solid-LiquidVapor/Vapor-Liquid-Solid Approach
This project was motivated by an in situ heating experiment in the transmission
electron microscope (TEM) in which gold (Au) nanoparticles were observed to dissolve
tin dioxide (SnO2) nanowires (NWs) under vacuum. The explanation for this observation
was that the high-temperature and low-pressure environment of the TEM caused the
reverse reaction of the well-known vapor-liquid-solid (VLS) method commonly used to
grow NWs. In the VLS process, a metal catalyst absorbs reactant vapor until it becomes
supersaturated. The precipitation of the NW occurs at the liquid-solid interface, which
ceases when there is no longer reactant vapor, and the diameter of the NW is determined
by the diameter of the original catalyst. The reverse process, the solid-liquid-vapor (SLV)
method occurs when atoms in a solid NW diffuse into the metal catalyst. Eventually, the
metal catalyst becomes supersaturated and the vapor escapes at the liquid-vapor interface.
In this dissertation we demonstrate the combination of the SLV and the VLS mechanisms
to create embedded heterogeneous interfaces in a variety of metal oxides. Metal catalysts
are first used to etch metal oxide surfaces producing hollow channels that we term
“negative nanowires”, and after etching the metal catalyst is reused to grow a NW of a
different material from within the channel to form a crystalline interface. Understanding
the chemical structure at these interfaces is both crucial and fascinating because diverse
materials may interact in a variety of ways, including atomic mixing of the two structures
and/or the formation of an abrupt crystalline interface or gap. We present our approach,
therefore, towards gaining a comprehensive understanding of the structure-function
relationship of these materials, focusing on particular on the interfacial region, to allow the
design of new nanomaterials with tailored functionality.
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CHAPTER 1. INTRODUCTION
1.1

Overview of Project Motivation
Nanowires (NWs) have promising attributes to be incorporated into devices due to

their crystalline structure, large surface areas, and high aspect ratios.1 NWs can be
fabricated by a variety of methods, which can be classified into three categories: vapor
phase growth, templated growth, and solution-based methods. Vapor phase growth and
solution-based methods have produced NWs with high crystallinity, monodispersity, and
controlled morphology.2 In general, these techniques are not able to control the location of
NW growth, which is critical in order to utilize them in devices. Template-based methods
can control the location, but this approach has significant drawbacks. In addition to the
inefficiency of designing templates with the correct size and length, the use of amorphous
templates typically produces polycrystalline NWs, which renders them less effective for
the desired purpose, and removing the template often requires harsh solvents that could
damage the NWs.3,4 The production of properly aligned, closely spaced, and defect-free
single-crystalline NWs are necessary for various devices. Thus, there is a crucial need to
develop synthetic methods to precisely align NWs.
Vapor-liquid-solid (VLS) growth is the most widely used method to synthesize
nanowires as it allows for precise control of size and offers a degree of versatility in
required materials. In this process, a metal catalyst adsorbs reactant vapor until it becomes
supersaturated. Precipitation of the NW occurs at the liquid-solid interface, which ceases
when there is no longer reactant vapor, and the diameter of the NW is determined by the
diameter of the original catalyst. In the reverse process, the solid-liquid-vapor (SLV)
method occurs when atoms in a solid NW or a substrate crystal diffuse into the metal
catalyst. Eventually, the metal catalyst becomes supersaturated and the vapor escapes at
the liquid-vapor interface. In 1977, Givargizov et al. formed negative whiskers by SLV
during vaporization of ZnS,5 Kim et al. reported the growth of negative nanowires (NNWs)
in GaN in 2011,6 and in 2014, Hudak et al. observed SLV dissolution of SnO2 NWs.7 There
have has been few successful accounts of using the SLV method to etch materials, and the
process is still not well understood or utilized. Therefore, applying the SLV method to etch

various crystalline materials is an interesting and potentially more effective means of
forming well-aligned nanostructured materials (Figure 1.1). Furthermore, growing NWs of
a different material from within these etched pores would eliminate several issues with
freestanding NWs such as straightness, aligning, and ability to now manipulate the material
since the NWs are enclosed.

VLS

SLV

Metal oxide 1

Catalyst

Metal oxide 2

Figure 1.1 Schematic diagram showing the SLV etching followed by VLS NW
growth of two different metal oxide materials.

For a SLV-VLS composite material to be incorporated into functional devices, the
structure of these materials needs to be reliably reproducible and well understood. One of
the central problems with fabricating effective devices is the energy loss at contacts or
interfaces. The use of high-resolution transmission electron microscopy (TEM) could
elucidate the structure and therefore provide vital information about how the material
functions at these interfaces.8 Interfaces are fascinating because the different materials may
interact in a variety of ways including atomic mixing of the two structures and the
formation of abrupt crystalline interface or gaps.9,10 Therefore, a comprehensive
understanding of the structure-function relationship of these materials, especially at the
interfaces, would allow the design of new nanomaterials with a specific function.11,12
1.2

Nanomaterials Overview
Nanotechnology has been defined as being “concerned with materials and systems

whose structures and components exhibit novel and significantly improved physical,
chemical, and biological properties, phenomena, and processes due to their nanoscale
size”.13 Nanomaterials are defined as anything that has at least one dimension less than 100
2

nm. While this definition is physically correct, the different properties nanomaterials
exhibit compared to their bulk form are what make them unique and exciting. To put this
in perspective, the diameter of a single human hair (~ 100 μm) is 1000 times larger than
the diameter of a single nanowire. Nanomaterials are not new; Au nanoparticles (NPs) were
used as red dyes in ceramics during the Renaissance14–16 and as a treatment for arthritis.16,17
The development of better characterization techniques and the demand for smaller and
more powerful devices has led to the explosion of nanotechnology. At this point, the
importance of gaining a fundamental understanding of the physical properties and
phenomena of nanomaterials is crucial to explore potential applications.
Nanomaterials have a large surface area to volume ratio and their small size gives
rise to properties that are different from their bulk counterparts (Figure 1.2). In electronic
devices, the electrons move through a material producing an electrical current. At some
point, an electron is going to encounter an interface, a discontinuity of the crystal lattice,
such as the place where two different materials are in contact. As the electron crosses the
interface, it slows down and loses energy in the form of heat.18 Moreover, since
nanomaterials have a higher surface area, interfaces are encountered more frequently and
the problem of energy loss is amplified. Nevertheless, interfaces are where unique chemical
phenomena occur. The tendency of a material to react with its environment is directly
related to that material’s energy level with respect to that environment. Highly energetic
substances tend to be more reactive and these reactions reduce the overall energy potential
of the system. By observing the atomic structure of a nanomaterial, one can understand
how electrons are interacting at the interface and eventually design interfaces that reduce
the loss of energy and even enhance the properties of the device.19–22

3

Figure 1.2 Schematic showing the increased surface area (orange outline) as the
material is scaled down. Arbitrarily setting the width for the largest cube at 1 the surface
area for the cubes would be 6, 12, 24, and 42, respectively.

Nanomaterials can be classified into four different groups. Zero-dimensional (0-D)
materials, such as NPs and quantum dots, have all their dimensions within the nanoscale.
Nanorods, nanowires (NWs), and nanotubes are categorized as one-dimensional (1-D)
materials, where two dimensions must be in the nanoscale and one dimension is larger than
the other two. Two-dimensional (2-D) materials have one dimension in the nanoscale,
which is much smaller than the other two dimensions, such as nanofilms, nanolayers, and
nanocoatings. Bulk nanomaterials that contain features such as NPs, NWs, or nanolayers,
but as a whole have dimensions over 100 nm are classified as three-dimensional (3-D)
materials. The focus of this thesis will be placed on 1-D nanomaterials, specifically NWs,
which have fascinating properties due to the combination of electron confinement in two
dimensions and the delocalization of electrons along the length of the NW.1
1.3

Solid State Chemistry and Crystallography
In solid-state chemistry, there are two classifications: amorphous materials and

crystals. An amorphous material lacks any long-range order, whereas crystals have a
regular arrangement of atoms, ions, or molecules in three dimensions. Crystals are defined
by a unit cell that is, “the smallest repeating unit which shows the full symmetry of the
crystal structure”.23 There are seven crystal systems, defined by the required symmetry
element. A primitive structure has lattice points located only in each corner. Additionally,
there are three other centering arrangements of lattice points: face-centered, body-centered,
or side-centered. In a face-centered structure, the lattice points are located in each corner
and the center of each face. In a body-centered structure, the lattice points are located in
4

each corner and the center of the unit cell. In side-centered, the lattice points are located in
each corner and the center of one pair of parallel faces. There are three possible ways for
side-centering to occur: C-centered (ab plane), B-centered (ac plane), and A-centered (bc
plane). The combination of the crystal systems and the centering arrangements produces
only 14 ways at which points can be arranged in space, and these are called Bravais lattices.
Close packing is based on the most efficient way of packing equal-sized spheres. There are
two types of close packing: hexagonal close packing (hcp) and cubic close packing (ccp).
In hcp, the third plane of atoms is placed directly over the first plane of atoms forming the
sequence: ABABABAB. In ccp, the fourth plane of atoms is placed over the first plane of
atoms forming the sequence: ABCABCABC. Below is a very brief description of some of
the crystal structures mentioned in this thesis.
The most stable phase of tin dioxide (SnO2) has the rutile structure with a primitive
tetragonal unit cell (a = b = 4.74 Å, c = 3.19 Å). SnO2 is known as cassiterite in its mineral
form and is in the space group P42/mnm. There are six atoms in the unit cell: two tin atoms
and four oxygen atoms (Figure 1.3a). A metal atom is surrounded by six oxygen atoms,
roughly forming an octahedral geometry. An oxygen atom is surrounded by three tin atoms
forming a triangle. In a polyhedral model, there are chains of edge-shared octahedra crosslinked by shared corners. The structure can also be thought of as a distorted hcp structure
where one-half of the octahedral sites are occupied. 24–26
The most stable phase of zinc oxide (ZnO) has the wurtzite structure with a primitive
hexagonal unit cell (a = b = 3.25 Å, c = 5.21 Å) and belongs to the space group P63mc.
There are four atoms in the unit cell: two of each atom (Figure 1.3b). The arrangement of
anions is hcp where the positive tetrahedral (or negative) sites are occupied and the
octahedral and negative tetrahedral (or positive) sites are empty. The oxygen atoms are
surrounded by four zinc atoms and vice versa. In a polyhedral model, each corner is shared
between four tetrahedra. The coordination is tetrahedral and has sp3 covalent bonding;
however, there is considerable ionic character. The higher ionic nature makes ZnO a wide
direct band-gap semiconductor (3.337 eV) that can withstand higher voltage and perform
for a longer amount of time.27–30

5

Sapphire (Al2O3) has a hexagonal structure with a primitive rhombohedral unit cell
(a = b = 4.76 Å, c = 12.98 Å). It is also known as corundum with 𝑅3#𝐶 space group. The
oxygen anions nearly form an hcp lattice and aluminum cations are found in two-thirds of
the octahedral interstitial sites. The cations and anions have a coordination number of six
and four, respectively. In a polyhedral model, each octahedron shares a face with one other
octahedron. And, there are thirty atoms in the unit cell (Figure 1.3c).31,32
Silicon (Si) has the diamond structure with an fcc unit cell (a = 5.43 Å) and belongs
to the space group 𝐹𝑑3#𝑚. Each Si atom has four nearest neighbors in tetrahedral
coordination and there are eight Si atoms in a unit cell (Figure 1.3d).33,34

a

c

b

d

Figure 1.3 Crystal structures made in CrystalMaker showing the white outline of the
unit cell a) SnO2 b) ZnO c) Al2O3 d) Si.

1.4

Review of Metal Oxide Nanowire Array Fabrication
Material in this section is reproduced with permission: Copyright 2020 From Metal

Oxide Nanowire Arrays 21st Century Nanoscience – A Handbook Low-Dimensional
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Materials and Morphologies (Volume Four) by Klaus D. Sattler. Reproduced by
permission of Taylor and Francis Group, LLC, a division of Informa plc..35
Nanomaterial synthesis and fabrication methods may be classified into two general
categories: bottom-up and top-down. Structures formed using bottom-up methods are
prepared using atomic or molecular components to ultimately build the full structure (think,
piecing together atomic/molecular Legos). Top-down methods begin with a bulk material
and typically use lithography to modify the structure (think, cutting out shapes to make a
paper snowflake). In the semiconductor industry, top-down approaches dominate due to
the low associated costs and capability to fabricate large areas quickly. Using these
approaches, the industry has established an expectation for ever-decreasing feature size,
described by “Moore’s Law,” a prediction from Gordon Moore in 1965 that the number of
transistors in an integrated circuit will roughly double every 2 years.36,37 Resolution can be
defined as the ability to distinguish two different points and for fabrication methods
depending on electromagnetic radiation such as lithography; therefore, the Abbe
(diffraction) limit determines the minimum distance between two lithographically defined
features.38 The diffraction limit is dependent on the wavelength of incident light, and
decreasing the wavelength of light is one way to improve the resolution, though this is
typically accompanied by an increase in the cost associated with manufacturing. As the
resolution of lithographic methods has increasingly been pushed to approach its theoretical
(and economical) limit, interest in bottom-up techniques has increased. Additionally,
bottom-up methods allow for an endless possibility of complex structures. In this chapter,
we will review top-down approaches using lithography and bottom-up approaches such as
those using templates and those to assemble post-synthesized NWs.
NWs have promising attributes for future incorporation into devices due to their
crystalline structure, large surface areas, and high aspect ratios. More specifically, metal
oxide NWs have a wide variety of unique properties (depending on the material) with high
potential in a wide range of applications such as electronics, photonics, energy storage,
transistors, and gas sensors. NWs can be fabricated by a range of methods, which we
generally categorize into three groups: templated growth, vapor-phase growth, and
solution-based methods. Vapor-phase growth and solution-based methods often lead to
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NWs with high crystallinity, monodispersity, and controlled morphology. Typically, these
techniques are not able to control the location of the NWs, which is critical in order to
utilize them in devices. Both lithography and templating can aid in the alignment of NW
arrays grown in the vapor phase, or from solution, if they are utilized to define catalyst or
seed particles from which the NW array is subsequently grown. Template-based methods
used to grow NWs directly can control the location of each NW, but this approach can have
drawbacks. In addition to the inefficiency of designing templates with the correct
dimensions, the use of amorphous templates typically produces polycrystalline NWs,
which can render them less effective for the desired application, and removing the template
often requires harsh solvents that can damage the NWs.39 Further, dissolution of the
template means that it is only effective for single use. The production of properly aligned,
closely spaced, and defect-free single-crystalline NWs is necessary for various devices.
Thus, there is a crucial need to understand and improve upon methods that precisely align
NWs.
As an example of a vapor-phase method, the VLS mechanism is an extensively used
technique, which allows for precise control of NW size and offers versatility in material
choice. The VLS method was developed by Wagner and Ellis in 1964 for their work with
Si whisker growth.40 In this process, a metal catalyst particle adsorbs reactant vapor
forming a liquid metal alloy until it becomes supersaturated. Precipitation of the NW
occurs at the liquid–solid interface (which ceases if the source of reactant vapor is
removed), and the diameter of the NW is determined by the diameter of the original
catalyst. One challenge to VLS is the difficulty in achieving the desired NP catalyst size
and placement due to aggregation and Ostwald ripening. NPs aggregate due to their strong
van der Waals attractive forces to form large masses of NPs. Furthermore, Ostwald
ripening occurs spontaneously at temperatures that are high enough to induce diffusion of
metal NPs because larger NPs are more energetically favorable. Lithography is one method
that can be used to precisely place the NPs for subsequent oriented NW growth via VLS.
To produce well-aligned arrays of NWs without external support, the materials selected
(for the substrate and the NW) should be homoepitaxial or heteroepitaxial, meaning the
same crystalline material or different crystals with similar lattice parameters, respectively.
There are some reported cases where highly ordered NWs are grown independent of
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substrate choice, such as the p–n junction containing ZnO NWs by Li et al.41 In this case,
radial growth is inhibited by the addition of polyethyleneimine (PEI), which selectively
adheres to the {1010} ZnO facets allowing axial growth to dominate.
Solution-based methods can be performed at constant pressure, such as hot injection
methods, or at constant volume, such as hydrothermal or solvothermal syntheses.
Surfactants are commonly employed in all types of solution methods to stabilize specific
crystal facets. Hydrothermal synthesis involves heating reactants in water inside a Teflonlined autoclave. The crystal formation is possible due to the increase in pressure when the
sealed container is heated, increasing the solubility of an originally insoluble precursor;
and in some cases, a salt such as sodium hydroxide is added to further increase the
solubility.42 Some advantages to hydrothermal methods are low processing temperatures
(compared to vapor methods), low cost, and the ability for large-scale production.
1.4.1

Template-Based Approaches
A simple but effective approach to the formation of NW arrays is the use of

templates with a specific diameter and depth, to control the placement of NWs during
growth. There are two main approaches to form NW arrays via templating: (i) the template
can be used to only pattern catalytic metal NPs for the subsequent catalyzed growth of
NWs or (ii) the NW arrays may be grown directly within the template. Furthermore, several
techniques are typically associated with nanomaterial fabrication by utilizing templates:
electrochemical deposition (ECD), electrophoretic deposition (EPD), template filling, or
reactive chemical conversion.39 Template-based NW growth has the advantage of
controlling the diameter, spacing, and length of the NWs based on the parameters of the
template and enabling the facile production of NW heterostructures. The significant
challenge for these approaches is typically the removal of the template without disruption
of the synthesized nanostructure. Furthermore, the construction of templates with specific
characteristics can prove difficult since template fabrication may be sensitive to delicate
changes in the synthetic process, although an increasing variety of differently sized
templates is now commercially available. Also, templates used for NW growth are
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typically amorphous, and NWs grown directly within these guides are mostly
polycrystalline, though single-crystalline NWs formed by templating has been reported.39
For the manufacturing of materials, there are two categories of templates: hard and
soft. Soft templates are typically a form of surfactant molecules in the shape of a single
layer, multilayers, or spheres. In the materials community, hard templates are more
commonly used. Some examples of hard templates are anodic aluminum oxide (AAO),
zeolites, polycarbonate (PC) membranes, and carbon nanotubes. Our focus here will be on
the most commonly used template, porous AAO. In the late 1850s, Buff et al. realized that
it was possible to induce oxidation via electrochemistry to expand the thickness of the
native oxide layer (2–3 nm) on aluminum (Al) for further protection.43 This process was
termed anodization and was commercialized by the 1920s, most notably for corrosion
protection for airplanes.44 In 1953, it was discovered that AAO contained circular pores in
a hexagonal arrangement, and in the years following, the anodization procedure was
industrialized for applying a colored coating on a variety of metals for protection and
aesthetic reasons, termed electroplating.45 It wasn’t until the 1990s that a two-step process
was able to form a self-ordered hexagonal structure as determined by Masuda and
Fukuda.46 The two-step process improves the ordering of the self-assembled pores as seen
in Figure 1.4. The pores in AAO are formed by anodization of Al metal in acidic conditions
with pore diameters of 5–250 nm and densities of 108–1011 pores/cm2.47 The diameter of
the pores is tunable by changing the conditions during formation such as electrolyte
solution, voltage, and temperature.48 Two morphologies of AAO exist, determined by the
pH of the electrolyte used: nonporous barrier-type (neutral electrolyte) and porous-type
(acidic electrolyte).49 For templating purposes, the porous AAO is vital and the electrolyte
solution is typically oxalic acid, but sulfuric and phosphoric acids have also been used.50
The specific electrochemical process of spontaneous pore formation is complex and driven
by the reduction of strain associated with the even distribution of pores with a hexagonally
close-packed (HPC) arrangement – a pattern that is commonly observed in nature (e.g.
honeycomb).51,52 After pore formation, the template consists of an Al support with a barrier
layer on top of which sits the pore structures, and the template is therefore only open on
one end. A through-hole membrane is often needed in which case the pore side may be
coated with a protecting polymer and the Al substrate dissolved by soaking in a
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hydrochloric acid/copper chloride solution.39 Further etching by phosphoric acid removes
the barrier layer and polymer support and can be used to widen the pores if necessary.

Figure 1.4 Schematic diagram showing the two types of anodized Al: barrier-type
and porous-type with the detailed two-step anodization process to form highly ordered
pores for use as templates. The first step consists of a long anodization process, which
forms disordered pores on the Al base. The removal of the disordered AAO leaves
hemispherical shapes in the Al. In the second anodization, these concave features aid in the
formation of highly ordered pores with the depth tunable by altering the anodization time.
The side view formation of AAO showing the well-aligned hexagonally closed-packed
structure (similar to a honeycomb) with the concave barrier layer before the Al support.

1.4.1.1 Electrochemical Deposition (ECD)
ECD or electrodeposition occurs when an external electric field is applied to an
electrode, driving charged species to diffuse through a solution to be reduced on the surface
of an electrode, thereby forming a film of the desired material. The material to be deposited
must be conductive since the initially deposited monolayer forms a barrier, preventing
contact between the electrode and the electrolyte solution. First, a conductive metal film is
deposited on one side of the AAO template and serves at the cathode. The cathode is
submerged in an ionic solution containing cations of the reactant metal for deposition.
When an external electric field is applied, the ions flow between the electrodes converting
electrical energy to chemical potential energy, in a process called electrolysis. Current
density is measured to monitor the amount of growth that has occurred. The complete
filling of pores can be detected as a sudden rise in current due to the formation of
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hemispherical caps, which merge to form a thin film deposited on top of the AAO template.
As an example, Sander and Tan used an alumina template to electrodeposit nano-arrays of
gold to catalyze the growth of NWs, where the diameter and height are easily controlled
by the template dimensions and synthesis conditions.53 Thus, this technique is easily used
to form small NPs for catalytic growth of NWs. In an unusual example of highly crystalline
NW growth using a template-based approach, Gómez et al. used a templated-assisted ECD
method to grow ZnO NW arrays for dye-sensitive solar cells.54 The AAO layer was
prepared by electron beam evaporation of an Al layer on the ITO substrate, anodization of
the Al layer, and chemical etching to remove the barrier layer and open the pores. ZnO was
electrodeposited inside the AAO from a solution of zinc chloride (ZnCl2) and oxygen (O2)
in dimethyl sulfoxide (DMSO). The NWs grew along the c-axis perpendicular to the
substrate, evidenced by the observation of only the (0002) peak in the (X-ray diffraction)
XRD indicative of a unique growth direction.
1.4.1.2 Electrophoretic Deposition (EPD)
An alternative approach to ECD is that of EPD. This technique has been utilized
for the deposition of ceramic materials from colloidal dispersions.55 While there are many
similarities to electrodeposition, there are also some noticeable differences, which can form
an advantage. Firstly, the deposition material leads to a porous barrier allowing solvent
conductivity, so the material of the barrier does not need to be conductive itself and the
solution is composed of NPs rather than ions. A polar solvent, such as water, induces an
electric charge on the surface of the NP, which causes the formation of an electrostatic
double layer surrounding the NP for electrostatic stabilization. The inner (Stern) layer
consists of counterions strongly bound to the surface of the NP, outside of which is the
diffuse (Gouy) layer comprising less tightly bound ions (Figure 1.5).56 Electrophoresis
occurs when an applied electric field causes the charged particles to move, along with the
Stern and part of the diffuse layer. A slip plane exists, which is an imaginary boundary
between the solvent molecules that move with the NP and those remaining with the
surrounding bulk solution, and the electric potential at this location is called the zeta
potential. The magnitude of the zeta potential loosely indicates the stability of a colloid
solution (typically above 25 mV). Cao prepared a sol using titanium (IV) isopropoxide,
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glacial acetic acid, and water for the synthesis of titanium dioxide (TiO2) nanorods via sol
EPD.57 The NWs were grown on a working electrode (Al sheets or carbon tape) with a
platinum (Pt) counter electrode. The NWs are polycrystalline with anatase phase identified
from XRD analysis with no preferential orientation, but in further experiments with a
different oxide material, vanadium pentoxide (V2O5), single-crystalline NWs were
synthesized. Previously mentioned, the use of templates typically produces amorphous or
polycrystalline structures, but in sol chemistry, vanadium oxide NPs can easily form
ordered structures. The interactions between adjacent NPs are considerably weak, which
allows for more rotation and migration to minimize the interface energy before
aggregation, and the thermodynamically favorable state is for the NPs to epitaxially
aggregate. Thus, the single-crystalline nature of the V2O5 NWs is thought to be due to the
homoepitaxial aggregation of the NPs. The NWs were arranged parallel to each other and
perpendicular to the substrate and indexed to orthorhombic V2O5 with a [010] growth
direction as determined from the transmission electron microscopy (TEM) images and
selective area electron diffraction (SAED) patterns.

Slipping plane

Diffuse layer
Stern layer

Electrical potential
(mV)

Surface potential
Stern potential
Zeta potential

Distance from particle
surface

Figure 1.5 Diagram showing the electrostatic double layer of a negatively charged
Au NP with the corresponding graph of potential versus distance.

1.4.1.3 Template Filling
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A simple method that can nonetheless be effective is to simply fill the template
directly using capillary action. Capillary forces drive the sol into the template when it is
submerged in the colloidal liquid. After a predetermined time, the template is removed
from the liquid, allowed to dry, and annealed at high temperatures to induce crystallinity
in the residual colloids. While this technique is facile, its major shortcoming is, thus, that
the templates are often not entirely filled due to the high liquid-to-solid ratio, which can
lead to shrinkage of the NW within the template pore. This can additionally lead to a
competition between NW and nanotube formation, depending on the characteristics of the
material; weak adhesion to walls or solidifying at the center, end, or uniformly leads to
NW formation, whereas strong adhesion and solidifying inwards form a hollow structure.
To increase the density of solid material during filling, Wen et al. used centrifugation to
form metal oxide NW arrays of various materials (polymeric and colloidal silicon dioxide
(SiO2), TiO2, and lead zirconate titanate (Pb(Zr0.52Ti0.48)O3, PZT).58 First, the sols of the
various materials were synthesized, and sol and template were centrifuged and annealed at
varying temperatures. The TiO2 and PZT both showed considerable shrinkage after
annealing and formed the anatase and perovskite structures, respectively, whereas SiO2
samples were amorphous and had a lower percentage of shrinkage. Ouyang et al. took this
idea a step farther to make copper phthalocyanine (CuPc)-coated TiO2 NW arrays.59 The
AAO template was instead soaked in the TiO2 solution, dried in air, and annealed in an
oxygen environment, leaving a gap between the AAO template and the edge of the TiO2
NW. The EPD method was then utilized to form the CuPc coating using a
CHCl3/CuPc/CF3OOH solution, where the TiO2-infused AAO template (without Al
substrate removal) formed the cathode and Pt the anode. On removal of the AAO template,
the photoconductivity of the heterostructure NWs was tested and demonstrated a
synergistic effect when compared to NW arrays of the separate constituents, likely because
of the increased surface area between the two materials.
1.4.1.4 Reactive Chemical Conversion
In a reactive chemical conversion, a material is deposited into a template and a
chemical reaction is used to convert the precursor into the desired material. The template
helps provide the support needed during the chemical reaction as well as the alignment for
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array formation. For metal oxide NWs, this method primarily involves oxidizing deposited
metals, though more complex materials may be synthesized via multiple subsequent
chemical reactions. Kolmakov et al. developed a method to convert tin NWs into
stoichiometric oxides and used in situ XRD (with a slow and a fast oxidation procedure) to
show the structural changes due to oxidation during heating.60 In the slow heating, all
phases (tin – Sn, tin oxide – SnO, and tin dioxide – SnO2) were observed until the
thermodynamically stable SnO2 reached phase purity after annealing at 600°C for 2 h. In
the fast oxidation, the results were similar during heating. On cooling, the low-intensity Sn
metal peaks reappear, indicating a kinetically controlled oxidation mechanism for heat
treatments, which do not allow for the full (slow) diffusion of oxygen into the metal. Perego
et al. made arrays of the heterostructure Au/nickel oxide (NiO)/Au NWs by ECD in AAO
to study electrical properties by conductive atomic force microscopy (AFM).61 This study
utilized an AAO template with 50 nm pores spaced 100 nm apart, with a 100 nm Au back
contact added before NW growth. Heterojunctions were formed by alternating the growth
between nickel and gold during ECD. The template was overfilled with Au to form a thin
film, which was mechanically polished and chemically etched to remove any polishing
artifacts and slightly reduce the thickness of the AAO membrane to reveal the tip of the
NWs still embedded in the template. The sample finally underwent a thermal oxidation
process in a controlled oxygen environment to form polycrystalline NiO.
1.4.2

Lithography
Lithography is a process used to transfer patterns. To fully value how the methods

work, why they are used, and the evolution of lithographic methods and their benefits in
the alignment of NWs, one must take into consideration the historical developments of
lithography and how they are currently incorporated in the semiconductor industry. In
Greek, the literal translation of the word lithography is “writing on stone.”.62 Lithography
originated in 1798 with an unintentional discovery by Alois Senefelder who noticed that a
waxy coating on limestone resisted a washing with acid.63 Many years later, in 1826,
Joseph Nicéphore Niépce used a photosensitive material and light to achieve a permanent
image, thus, the beginning of photography and photolithography.63 The invention of the
transistor – a device that acts as a switch for electronic signals – and various other electrical
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components using photolithographic methods can be seen as the tipping point for all
electronic devices. As such, the widespread incorporation of lithography in the
semiconductor industry dates back to 1957 and is still the primary approach used today.63
1.4.2.1 Photolithography
In the most basic terms, optical lithography or photolithography uses light to
transfer a pattern onto a substrate. Photolithography is the most commonly used technique
to produce the silicon circuit boards in most electronic devices due to its high throughput,
large-area capability, and cost-effectiveness. A polymeric material that can change
solubility when it interacts with light is called a photoresist (PR) is spin-coated on the
substrate’s surface. There are two kinds of PRs, positive and negative, that undergo
divergent transformations when exposed to light. A positive PR causes the areas exposed
to light to be more sensitive due to the rupture of the polymer side chains (Figure 1.6a).
Conversely, the areas exposed to light with a negative PR are stabilized by cross-linking
(Figure 1.6b). First, the substrate is pre-baked to remove any solvent and creates good
adhesion between the PR and the substrate. Typical examples of positive PR and substrate
materials are polyimide and silicon, respectively. Next, a mask is aligned, and the substrate
is bombarded with high-intensity ultraviolet (UV) light. The PR is removed by placing the
substrate in a developer, which removes the PR in the exposed areas of a positive PR, and
the unexposed areas of a negative PR. A final hard bake is performed to make sure the
remaining PR will protect the underlying surface. The areas not protected by the PR are
etched to remove the uppermost layer of the substrate or other material. The PR is then
completely removed by altering the chemical properties that allowed it to adhere to the
substrate by soaking the substrate in a particular solvent. The completed process can be
repeated in different directions and/or with a different mask to form a more complex
pattern. There are three main types of optical lithography: projection, proximity, and
contact lithography, in order of decreasing distance between the photomask and the
substrate. Contact printing achieves the best resolution but can cause defects in the pattern
and deterioration of the mask. A 10–25 μm gap between the mask and substrate is used in
proximity printing, which reduces the chance of mask damage but at a cost of resolution.
In projection printing, since only a small portion of the mask is imaged by projecting it
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onto the wafer, the resolution is almost equal to contact lithography, but the mask may be
held centimeters away, avoiding any chance of damage. Photolithography is a simple
technique that can be used to pattern metal NPs for catalyst-assisted NW growth, to form
trenches for lateral NW growth, or for the deposition of nucleation sites for NW growth in
solution or vapor phase. The major shortcoming of this technique is the resolution, in
general, for proximity lithography, approaching 30 nm with the use of powerful excimer
lasers with a wavelength of 193 nm.64

a)

b)
Figure 1.6 Schematic diagram showing photolithography with positive and
negative PR for NP alignment on a substrate (gray). (a) A substrate with a deposited
positive PR (blue) is irradiated with UV light through a mask (red), the altered PR is
removed by a developer, a metal (gold) film is deposited, and the PR is removed leaving
behind metal NPs. (b) A substrate with a deposited metal film and negative PR is irradiated
with UV light through a mask, the unaltered PR is removed by a developer, the surface is
etched removing any metal film not protected by the PR, and the PR is removed leaving
behind metal NPs.

Kayes et al. used photolithography to pattern a surface oxide layer to confine a
growth catalyst (Au or copper) for the VLS growth of NWs.65 The thermally grown oxide
layer was coated in a PR (S1813), which was then patterned by photolithography. The
altered PR and underlying oxide were removed by submerging of the substrate in
hydrofluoric acid leaving a substrate with a patterned oxide layer. The catalyst was
thermally deposited, and the PR was removed before annealing. The patterned oxide layer
was crucial to contain the catalyst from diffusing during annealing. Tak and Yong patterned
a substrate via photolithography to define specific regions of growth for dense vertically
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aligned ZnO NW arrays.66 A 40 nm zinc layer is added to the surface of a substrate and is
converted to ZnO by the addition of zinc salt solution at 90°C for 6 h to improve the vertical
alignment of nanorods and reduce chemical interactions with the developer. After the
lithography process, the dried sample is added to a high concentration zinc salt solution
and NWs are selectively grown in only the areas that have an exposed ZnO seed layer. In
a different approach, Shi et al, shows how photolithography was used to pattern as-grown
vertically aligned ZnO NWs on a Si substrate by first completely coating them in PR
(AZ1518).67 Increasing the exposure time from 0 to 8.6 s, acted to trim the length of the
NWs from 12 to 7.8 μm. Additionally, a patterned mask with a range of different sized
holes that were used to determine the smallest feature size to be about 5 μm, using 400 nm
UV light.
1.4.2.2 Electron Beam Lithography (EBL)
EBL uses the same basic process as photolithography, but in this case, the PR is
sensitive to electron beam exposure, rather than light. Here the exposure pattern does not
require a photomask but instead, a computer-aided design (CAD) drawing is loaded to an
electron beam writer attached to an SEM, and the patterns are directly printed on the
substrates. The chemistry, in this case, is also a little different; e-beam PR is typically
polymethyl methacrylate (PMMA) and undergoes chain scission when exposed to the
electron beam. EBL is a direct-write (or maskless) method where a digital representation
of a pattern is scanned across a resist-coated substrate with high precision but with lower
processing speed compared to photolithography. The most significant advantage of EBL is
its extremely high resolution, which can reach as small a feature size as the 5 nm level, and
the technique is commonly used to pattern masks for other lithographic processes.64 Xu et
al. used EBL to pattern various sizes of lateral tracks with different orientations to the
<0001> direction of the ZnO [21#1#0] substrate for subsequent hydrothermal decomposition
of epitaxial ZnO NWs.68 The substrate was coated with PMMA as the PR with the addition
of ESPACER, a conductive polymer, to avoid any artifacts from charging. The substrate
was irradiated by the electron beam, washed with water (to remove ESPACER), and
developed in a 1:3 mixture (by volume) of isopropyl alcohol and methyl isobutyl ketone to
reveal the patterned PMMA. A combination of the confined pattern and growth parameters
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(concentration, temperature, and time) is used to tailor the dimensionality of the NWs.
Once the growth exceeds the patterned PR array opening, there is significant lateral
expansion; the width of the NW (800 nm) is roughly double the width of the patterned PR
(400 nm) and the length is approximately four times the size. Ng et al. used controlled
dwell time and set the spacing between dwell points to increase the throughput over
conventional EBL, which defines individual shapes from a set pattern often using several
polygons to make a circle.69 Moreover, the diameter of the hole left in the resist is
proportional to the dwell time, and utilizing a low beam dose means the uniformity is not
compromised. A pattern of Au NPs was fabricated by exposing a PMMA film to different
dwell times, evaporation of Au, and removal of the PR.
1.4.2.3 Ion Beam Lithography (IBL)
There are numerous ways that ions can be beneficial for lithographic techniques
and are broadly classified into three categories: focused ion beam (FIB), proton beam
writing (p-beam writing), and ion projection lithography (IPL). The latter, IPL, is similar
to traditional optical lithography utilizing conventional stencil masks for large-scale
production, but instead of using photons for exposure, ions with an energy of 100 keV are
generally used. IBL (FIB and p-beam writing) is a direct-write (or maskless) method.
Moreover, the ion beam reduces the effects of scattering common to EBL due to the
relatively much larger (with respect to electrons) ionic mass. Slow, heavy ions (e.g. Ga+)
with an energy of 30 keV and fast, light ions (e.g. H+) with an energy of 1 MeV are used
for FIB and p-beam writing, respectively. The smaller ions used in p-beam writing can
penetrate deeper into the sample making this method faster than FIB. The FIB technology
is highly commercialized due to its many capabilities: resist exposure, ion milling, ionassisted etching, ion-induced deposition, and ion implantation and is, therefore, more
common. The general resolution of IBL (not including IPL) is approximately 10 nm
depending on the sample material.64 Zhou et al. used p-beam writing to pattern a PMMA
layer on a gallium nitride (GaN)/sapphire substrate for the hydrothermal growth of ZnO
NWs.70 The p-beam writing method was chosen over EBL and FIB because of the
deeper/straighter trench and the higher efficiency, respectively. Nam et al. used FIB to
pattern a Pt catalyst for NW growth.71 First, features 1 μm in diameter were formed, but
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the large area caused very high nucleation density of NWs where Pt was deposited; no
NWs were grown in the gallium milled holes. To reduce the NW density, the diameter of
the deposited Pt catalyst was reduced to 250 nm, which resulted in nearly individual NWs
per nucleation site.
1.4.2.4 Nanoimprint Lithography (NIL)
Compared to conventional lithography processes, the main difference with imprint
lithography is that the chemical structure of the resist is not changed in the procedure.
Instead, the resist is physically deformed by the forced pressure of a mold on the surface
of the resist layer. The patterned resist can perform as the final product, simply utilizing
the physical change, or it can be used as a pattern transfer for further etching procedures
and eventual removal of the resist. This latter process has two steps: (i) An imprint resist
such as polystyrene (PS) or PMMA is spin coated onto a cleaned substrate. A patterned
mold is pressed on top of the resist-coated substrate and heated to soften the polymer resist.
The sample is cooled, the mold is removed, and the pattern remains in the resist-coated
substrate. (ii) A pattern transfer step is performed, where an etching process is used to
remove the resist in the areas that were physically altered by compression. Since the
resolution of patterns fabricated using NIL depends on the mold used, and the mold is
created (typically from quartz) using EBL, the limit of feature size for NIL is typically 30
nm, but with the inclusion of UV-curable PR, the resolution can be improved to 10 nm.72
Moreover, there are several derivatives of NIL such as UV-NIL, which involves light to
cure the PR but still relies on direct contact of the mold. Jung and Lee used NIL with a
UV-curable resist to pattern ZnO nanorods.73 The UV-cured resists are more difficult to
remove so a double layer resist technique is often utilized, and in this case, PMMA was
used as the planar layer. The resist was cured by exposure to UV light, and reactive ion
etching (RIE) was used to remove the PMMA to reveal the surface of the substrate in the
compressed areas. On the substrate surface, a patterned 1-octadecyltrichlorosilane (OTS)
self-assembled monolayer (SAM) was formed, the PR was removed by acetone, and a ZnO
seed layer was spin coated on the surface. The ZnO seed layer only deposited on the
hydrophilic surface of the Si substrate that was revealed by the removal of the PR and not
the hydrophobic areas patterned with the OTS. An oxygen plasma treatment was used to
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further increase the polarity of the Si surface and remove the OTS layer. The ZnO nanorods
were grown hydrothermally from the patterned seed layer. Mårtensson et al. used the NIL
process to deposit Au NPs for NW growth by VLS.74 The process achieved a high
throughput of uniform arrays with one NW grown per Au catalyst. In this example, indium
phosphide (InP) NWs with a diameter of 300 nm, a spacing of 1 μm, and hexagonal pattern
were specifically chosen to study photonic crystals, but the technique could be modified to
deposit smaller NPs and grow metal oxide NWs.
1.4.2.5 Nanosphere Lithography (NSL)
Nanosphere lithography (NSL) or colloidal lithography is a simple approach to
replace the mask – whose creation can pose technical challenges – with an array of selfassembled spheres resulting in a regular pattern on the surface of a substrate. A layer of
nanospheres (NS) is spin coated on the substrate, and these spheres self-assemble to form
a close-packed layer. The spheres are typically made from silica or PS and range in
diameter from 10 nm to several micrometers. The close-packed arrangement of spheres
leaves triangular gaps of equal spacing and size, of about 1/5th the area of the sphere
diameter. A metal, which acts as a catalyst for NW growth, is coated over the SAM of
spheres. Once the spheres are removed, the deposited metal remains only in these
triangular-shaped areas with equal spacing, size, and depth. The SAM of spheres can also
be used directly as a mask for NSL. NSL was used to synthesize ZnO NW arrays by, first,
patterning a metal catalyst material and, second, using VLS growth to achieve an individual
NW per site by Fan et al. 75 In this example, the synthetic process utilized a mask transfer
method to overcome the issue of using a hydrophobic substrate (GaN), which makes the
direct adhesion of spheres more difficult. An initial Au film deposition helps to stabilize
the SAM of PS spheres for transfer and further reduces the diameter of the Au NP arrays
by reducing the gap between the spheres before the second Au deposition. The ZnO NWs
grown by VLS in which NSL is used to pattern ZnO NW arrays on fluorine-doped tin oxide
(FTO)-coated glass substrates by two routes: template growth (TG) and templated seeding
(TS).76 In the TG method, a ZnO seed layer is deposited followed by the addition of the
NS, whereas in the TS method, the NS are deposited before the deposition of the seed layer
and the NS are removed. In both cases, the ZnO NWs were grown hydrothermally either
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between the NS, which are subsequently removed after growth or only on the templated
areas of the seed layer.
1.4.2.6 Scanning Probe Lithography (SPL)
Scanning probe microscopes (SPMs) employ an atomically sharp tip, which is
scanned across a substrate surface with a resolution in the 10 nm range. Tip–sample
interactions can be used to gather information about the physical properties (electrical,
optical, mechanical, etc.) of the sample. Since SPM techniques do not use light to directly
image the surface and do not require expensive beam optics, SPM techniques are not
diffraction limited. There are two main SPM systems: the scanning tunneling microscope
(STM) and AFM. In an STM, a conducting tip is used to measure the tunneling current of
electrons between the surface of a sample to the tip. In the constant current mode, feedback
control is used to continuously adjust the Z position to maintain a constant tunneling
current. Thus, the height of the tip as it is rastered over the substrate surface produces a
topographic map and point spectroscopy may be used to determine the band structure of
the sample in any position. Though the resolution of STM is excellent, this technique is
limited to conducting samples. In AFM, a piezoelectric cantilever is employed, and the
sample–tip force curve is measured. The deflection of the tip is measured by a laser spot
reflected from the top of the cantilever into a camera. There are three main modes of
operation: contact, noncontact, and tapping that can be used to study the topology and
mechanical and physical properties of various materials, depending on the characteristics
of the tip. Scanning probes can be used to make NW arrays in two main ways: (i) The direct
deposition of material by the tip. (ii) Using the tip to first form an etched template array for
subsequent NW growth. Using the first method, Song et al. fabricated an array of gold dots
using a gold-modified AFM tip, by voltage pulses across the tip–substrate gap.77 In the
latter approach, He et al. used AFM nanomachining to make a patterned arrangement of a
metal catalyst for subsequent ZnO NW growth via the VLS method.78 In this case, an AFM
tip was used to remove polymer PR in a specific design, followed by the deposition of
catalyst metal by sputtering. The PR was removed, and NWs were grown.
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1.4.2.7 Other Lithographic Techniques
In addition to the most common techniques discussed above, there is an assortment
of other lithographic techniques capable of producing NW arrays, and new technique
development to improve the current limitations is a highly active research area. Some other
common examples, not discussed here, are laser interference lithography (LIL), X-ray
lithography (XRL), and extreme ultraviolet lithography (EUV).64,79–81 In general, the steps
for LIL are similar to photolithography; the difference lies in how the sample undergoes
exposure, wherein the PR records an interference pattern by splitting the coherent light into
two (or more) beams, resulting in an elongated pathway between the source of light and
the sample, consequently improving the resolution. For XRL, the short wavelength of Xrays (0.4–4 nm) with respect to visible light leads to a much smaller diffraction limit than
that of photolithography, with a correspondingly smaller feature size. EUV also takes
advantage of the smaller diffraction limit due to the short-wavelength (13.5 nm), with
correspondingly high resolution.
1.4.3

Post-Synthetic Nanowire Alignment
The previous sections have described various approaches to synthesizing metal

oxide NWs such that they grow in an aligned array. An alternate approach to synthesizing
NW arrays is to first grow free-standing NWs and subsequently align them into ordered
arrays. Several such approaches are described in this section.
1.4.3.1 Langmuir–Blodgett Assembly
During the late eighteenth and early nineteenth centuries, Benjamin Franklin, Lord
Rayleigh, and Agnes Pockels observed and studied the various behaviors of an oil film on
water, laying the foundation for the experimental work by Irving Langmuir and Katharine
Blodgett, which led to the awarding of the Nobel Prize in Chemistry to Langmuir in
1932.82,83 The concept of forming a Langmuir monolayer is fairly simple: amphiphilic
molecules that contain a hydrophobic “tail” and a hydrophilic “head,” arranged in such a
way as to minimize the interfacial energy between water and a molecular layer. The
Langmuir–Blodgett (LB) assembly process leads to a monolayer of ordered amphiphilic
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molecules with all their heads in contact with the hydrophilic water. To extend this idea to
create arrays of aligned NWs, surfactant-coated NWs are dissolved in a volatile organic
solvent and the solution is carefully placed on the water’s surface where the solvent
evaporates spreading the NWs across the surface. As shown in Figure 1.7, the trough
consists of a movable barrier that can compress or expand the surface film against an
electronic microbalance at the opposite end. Due to compression, the surface energy of the
liquid is minimized when the NWs align perpendicular to the compression direction. The
surface tension is directly proportional to the measurable force exerted by compression of
the film. A graph of the surface pressure versus area per molecule known as an isotherm is
used to identify the phase of the monolayer as it undergoes compression at a constant
temperature. Similar to the three-dimensional phase changes of an ideal gas, the twodimensional film undergoes phase changes from gas, to liquid, to solid, and if compressed
past the solid-state, the film buckles and the surface pressure abruptly decreases. The
aligned NW film is deposited on a solid substrate by vertical or horizontal dipping of the
substrate followed by removal at a precise rate, with spacing between wires controlled by
the compression pressure and/or lifting speed of the substrate.

Figure 1.7 Diagram of LB trough.

Mai et al. demonstrated this method using hydrothermally prepared vanadium (IV)
oxide (VO2) NWs with diameters of 30–60 nm, functionalized with stearic acid (SA) and
cetyltrimethylammonium bromide (CTAB) to prevent aggregation and improve the quality
of the NW film.84 They demonstrated that the LB assembly technique using functionalized
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NWs only showed (00l) crystal planes in the XRD pattern of the films compared to the
XRD of synthesized VO2 NWs. This indicated that the films had a precise orientation,
which they attributed to the SA and CTAB preferentially coordinating to the (001) surface.
Huang et al. used the LB method to deposit lines of metallic NPs for the growth of NWs
with controlled density and placement.85 Though this approach was applied to the growth
of Si NW arrays, this would be an intriguing avenue to explore for the VLS growth of metal
oxide NW arrays.
1.4.3.2 Blown Bubble Films
The blown bubble method is primarily used in the plastic industry to make highly
efficient films for consumables such as its wide use for shopping bag manufacturing.86 The
blown bubble process as applied to NW alignment occurs in several steps. First, the NWs
are chemically functionalized to inhibit aggregation and are added to a polymer solution
using a precise concentration of NWs. A crucial step in the process is the formation of a
homogenous and stable suspension of the NW-loaded polymer solution with the ideal
viscosity (dependent on materials used) to form a good bubble. A bubble is formed on a
circular die with a highly controlled pressure and expansion rate. The stabilization of the
bubble is controlled by a motor-driven ring, which moves upwards during the expansion
process. The film is transferred onto a substrate by contacting the bubble covering the entire
wafer.87 The NWs contained in the bubble align due to the shear force from the film
expansion; the initial concentration of NWs controls the resultant density of the film. This
technique allows for meter length arrays on any type of substrate and a wide variety of
NWs. The disadvantage of this approach is that the NWs must be chemically functionalized
and coated in a polymer matrix, which could inhibit their potential use in electronic
devices. Additionally, the closed-packed distribution of NWs is challenging to achieve,
because the expansion of the bubble spreads the NWs widely apart. Yu et al. pioneered the
use of the blown bubble technique for nanocomposite films.87 The NWs were
functionalized with 5,6-epoxyhexyltriethoxysilane in tetrahydrofuran (THF) solvent,
removed from the substrate via sonication, and mixed with epoxy part A followed by epoxy
part B. The viscosity of the suspension was closely monitored as the epoxy cured until the
desired 15–25 Pa s was reached. A bubble with an average height of 50 cm and an average
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diameter of 25 cm was formed and silicon wafers were fixed, and the bubble was extended
until the contact coated the whole substrate. A common polymer PMMA can be used as an
alternative to an epoxy resin for the blown bubble method as shown by Wu et al.88
Furthermore, they demonstrated that it was possible to remove the PMMA for better device
performance by magnetically clamping a clean wafer to the PMMA NW-coated substrate
and suspending it in acetone to dissolve the PMMA.
1.4.3.3 Contact Printing Methods
Contact printing is a dry deposition strategy that occurs in two steps: first, NWs are
synthesized using a nanocluster directed growth.89,90 Second, the NWs are transferred from
the growth substrate to the device substrate that has been patterned by lithography. The
patterned substrate is fixed and the growth substrate containing the NWs is placed on top
and slid across. The sliding motion, a shear force, causes the direction of the NWs to be
parallel. Lubricants, such as mineral oil, can be used to reduce friction to avoid damage to
the NWs during the transfer process. A subset of contact printing, differential roll printing
(DRP), has the added benefit of being able to easily print over large areas with a continual
replacement of wires contacting the surface. First, the NWs are grown on a cylindrical
substrate, then the roller is attached to wheels, and the NWs are transferred to the patterned
substrate by rolling the tube at a constant velocity. Fan et al. used octane and mineral oil
to reduce the friction between the sliding substrates to achieve better control of NW transfer
and increase NW density.89 Additionally, the surface of the receiving substrate was
modified with various chemical groups to observe the differences in NW density transfer;
fluorinated surfaces decrease attachment, and nitrogen groups increase adhesion.
Yerushalmi et al. grew randomly oriented NWs by VLS directly on a cylindrical substrate
and deposited the NWs on a new flat substrate via DRP.91 Additionally, the velocity and
pressure of the roller were studied; above a threshold rolling velocity (>20 mm/min) and
pressure (>200 g/cm2), the arrays were inconsistent.
1.4.3.4 Microfluidic Alignment
Another way to use shear force to help align NWs is to use a fluidic model; here,
the NWs align parallel to the fluid flow to minimize the shear force, and the addition of
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micron-sized channels assists in their alignment. The channels are typically made from a
poly(dimethylsiloxane) (PDMS) mold. Increasing the flow rate increases the shear force,
causing a higher degree of alignment, and the flow duration may be tailored to optimize
NW density. In this setup, the substrate is covered with a PDMS mold forming micronsized channels. More complex structures are possible by changing the direction of the
substrate. A solution of NWs is prepared and introduced to the start of the channel. In a
simple approach, Messer et al. used a PDMS mold microchannel to align [Mo3Se3−]∞ NWs
by self-assembly.92 A droplet (0.1–10 μL) of LiMo3Se dissolved in DMSO or Nmethylformamide was added to the channel opening and the channel was filled by capillary
action. As the solvent evaporates under vacuum, the meniscus withdraws into the corners
of the channel providing a solvent convective flow that drives the NWs to the edge. The
intermolecular forces involved, specifically the electrostatic interactions between the
[Mo3Se3−]∞ NWs and counter ions (Li), cause the NWs to aggregate and form bundles along
the edge of the channel. Huang et al. performed several experiments to identify the specific
parameters to alter the alignment and separation of NWs using this approach.93 The results
indicated that 80% of NWs were within 5° of the flow direction at the highest flow rate
(9.40 mm/s). The alignment was further enhanced with the incorporation of specific
chemical groups on the receiving substrate to encourage NW attachment. Increasing the
duration of flow boosted the density of NWs, and the addition of NH2 groups to the
substrate’s surface resulted in very fast NW deposition.
1.4.3.5 Chemically Driven Assembly
An alternate approach is to use various chemical modifications to the surface to
preferentially assign the location of NWs. This relies on weak chemical bonding forces
(instead of shear forces) such as hydrogen bonding, van der Waals forces, and electrostatic
forces between the NW and the attached chemical group. While it is possible to use this
technique as a standalone, it is often incorporated with another post-alignment technique
to further enhance alignment. To enhance preferential attachment, biomolecules are used
instead of organic molecules due to their explicit specificity. Myung et al. used lithography
to pattern a SAM of the positively charged species, aminopropyltriethoxysilane (APTES),
and OTS as the neutral species on Si substrates and the substrates were briefly submerged
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in an aqueous solution of V2O5 NWs.94 Due to electrostatic interactions, the negatively
charged V2O5 NWs attach only to the positively charged, APTES, regions. Further, NWs
with distinctive fragments allow for functionality control by binding molecules to specific
regions on the NWs. For example, a three-segment NW of Au/nickel (Ni)/Au was
fabricated by Chen and Searson using this method.95 Furthermore, the use of biomolecules,
such as biotin–avidin, can enhance the specificity of binding in particular regions. In this
example, the Ni region of the NW was protected by an attachment of palmitic acid to the
native oxide layer, followed by thiol group attachment of biotin (or avidin) to the Au
segments. A suspension of biotin-functionalized NWs is mixed with avidin-functionalized
NWs, and due to the strong nature of the biotin–avidin bond, it is assumed that if a collision
occurs between the two linkages, the NWs will align end to end.
1.4.3.6 Electric Field-Assisted Alignment
Using an electric field to assist in the alignment of NWs is effective due to their
inherent anisotropy. Utilizing dielectrophoresis (DEP), in which an external electric field
dictates the motion of neutral particles, NWs may be aligned. In this procedure, voltage is
applied to contact pads covered by a solution of NWs. The electric field strength required
for effective alignment will depend on the dielectric constant of the solvent relative to the
NW material; the higher the difference in the dielectric constant, the lower the required
electric field strength. Lao et al. synthesized ZnO NWs and dispersed them in ethanol via
sonication for the formation of a single NW diode by DEP.96 In this case, the NW
suspension was dropped onto the electrodes, and 5 V and 1 MHz alternating current (AC)
was applied. A high degree of control over the NW concentration was crucial for this
approach, to achieve a single NW across the electrodes for this study; varying the
concentration of such a solution to alter the density of aligned arrays would be an intriguing
approach to the fabrication of metal oxide NW arrays. A disadvantage to this technique is
that DEP may produce sufficient heat to cause electromigration of the electrodes, leading
to device asymmetry and unpredictable function.96,97
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1.4.3.7 Magnetic Field-Assisted Alignment
Similar to electric fields, magnetic fields may also be used to align NWs in solution,
ideally for ferromagnetic or superparamagnetic NWs. In order to minimize energy, the
NWs interact with the external magnetic field and each other to assemble with a head-totail alignment. The degree of alignment is proportional to the strength of the applied
magnetic field; higher fields lead to better alignment. In addition to using an external
magnetic field, ferromagnetic electrodes can be added to the substrate forming a localized
dipolar magnetic field enhancing the degree of alignment. Tanase et al. synthesized Ni
NWs and functionalized them with highly fluorescent porphyrins to study the assembly of
these wires into arrays by magnetic fields.98 The results showed that the NWs aligned end
to end along the magnetic field due to Ni NWs having a large remnant magnetization and
high aspect ratio and high viscosity solvents slowed the movement of the NWs.
1.4.4

Summary
In general, template-based methods allow for the production of well-aligned NWs

of any material that can be chemically/physically deposited and have the capability of
efficiently producing heterojunctions with different materials. Drawbacks to templatebased approaches are that they are not generally able to produce complex patterns, that
removing the template can damage the NWs and, in most cases, that the NWs grown within
templates are polycrystalline.
Lithography involves transferring a pattern from one form onto another with the
help of a resist that is chemically/physically changed by a chemical/physical means. In
most cases, lithography is diffraction-limited by the wavelength of light used, limiting the
minimum feature size possible. Decreasing the wavelength by using electron, ion, or
powerful excimer lasers over conventional UV light improves the resolution but also
increases the cost associated with manufacturing. For NW arrays, lithography is commonly
used to pattern NPs onto a surface or pattern holes to direct the growth of NWs to specific
areas on a substrate. The formation of highly aligned NWs with few defects typically
occurs at high temperatures and is limited to heteroepitaxial materials. Additionally, the
use of PRs, developers, and etchants can damage the NWs.
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In post-synthetic NW alignment, the NWs are first grown by an assortment of
processes and subsequently aligned by a variety of methods. These methods utilize
relatively simple and inexpensive procedures and in the case of blown bubble films are
able to cover macroscopic length scales. Drawbacks to aligning NWs post-synthesis
include limited accuracy to control the alignment and spacing (with respect to templatebased or lithographic approaches). Moreover, for a majority of post-alignment techniques,
the chemistry of the NWs is typically altered in some way, e.g., by dissolving them in a
polymer solution, via chemical functionalization, or by introducing defects during
mechanical manipulation.
To summarize, there is a vast assortment of techniques to align NWs in specific
orientations, and this is an exciting and currently active area of nanomaterials research. In
this research applying the SLV method to etch various crystalline materials is an interesting
and potentially more effective means of forming well-aligned nanostructured materials.
Furthermore, growing NWs of a different material from within these etched pores would
eliminate several issues with freestanding NWs such as straightness, aligning, and ability
to now manipulate the material since the NWs are enclosed. The use of high-resolution
TEM could elucidate the structure and therefore provide vital information about how the
material functions at these interfaces.8

CHAPTER 2. EXPERIMENTAL METHODS
2.1
2.1.1

Vapor phase synthesis
Vapor-liquid-solid growth (VLS)
The vapor-liquid-solid (VLS) method was developed by Wagner and Ellis in 1964

for their work with Si whisker growth.99 A metal catalyst, typically Au, is deposited on a
substrate that is placed in a CVD furnace. The reactants are placed upstream and when
heated to a certain temperature, sublime to produce the reactant vapor. In some cases, the
starting material must be mixed with graphite to undergo carbothermal reduction into metal
vapor. This vapor is absorbed by the metal catalyst, forming a liquid metal catalyst alloy
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(Figure 2.1). Due to the temperature and pressure conditions, the alloy adsorbs reactant
vapor until it becomes supersaturated.100 This supersaturation pushes the precipitation of
the material at the liquid-solid interface, where the free energy is minimized. When the
vapor components are no longer produced, the crystal growth concludes.
The size of the NW depends on the size of the metal catalyst. However, as the size
of the nanoparticle (NP) becomes smaller (less than 10 nm) it becomes more difficult for
the vapor to dissolve into the NP. Additionally, it is difficult to achieve good spacing of
NPs due to aggregation and Ostwald ripening. The NPs’ aggregate due to their strong van
der Waals attractive forces forming large masses of NPs. Ostwald ripening occurs
spontaneously at temperatures that are high enough to induce diffusion of metal NPs
because larger particles are more energetically favorable.101

Au (s)
Zn (g)
O2 (g)

Au (l)

ZnO

ZnO

Au (l)

SnO2
Substrate

Figure 2.1 Diagram showing VLS growth of ZnO NWs. The Zn and O2 vapor are
absorbed by the Au catalyst, the Au becomes supersaturated, and ZnO precipitates out at
the liquid-solid interface forming NWs with diameter dependent on the size of the metal
catalyst.

2.1.2

Solid-liquid-vapor etching (SLV)
The solid-liquid-vapor (SLV) etching process is the reverse of the VLS growth

method of NWs. For this process to occur, high temperatures (900-1000°C) and low
pressure (~10-6 Torr) are needed. In this case, atoms in a solid NW or a substrate crystal
diffuse into the metal catalyst (Figure 2.2). Eventually, the metal catalyst becomes
supersaturated and the vapor escapes at the liquid-vapor interface. Similar to growing
NWs, the position and size of the Au NPs dictate the position and size of the etched holes.
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Figure 2.2 Diagram showing the SLV dissolution of SnO2 NWs. The NWs are
heated under high vacuum, the Sn and O atoms diffuse into the liquid Au, and once the Au
is supersaturated the Sn and O2 vapor escape at the liquid-vapor interface.

2.1.3

Chemical vapor deposition (CVD)
Chemical vapor deposition is a well-known technique to fabricate a multitude of

materials from polymers to semiconductor thin films.102 There are many variants of CVD,
but as a general overview of how CVD is typically used to grow nanomaterials, a quartz
tube is enclosed inside a furnace with one end connected to a vacuum pump (Figure 2.3),
the starting material is placed in the center of the furnace, the substrate is placed
downstream, and an inert carrier gas, typically Ar, flows through the tube. During heating,
the starting material vaporizes and accumulates on the surface of the substrate. The furnace
is programmed to control temperature, ramping rate, and reaction time, and a mass flow
controller is used to control the flow of carrier gas accurately.
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Figure 2.3 Schematic showing CVD setup. The starting material is located in the
center of the furnace (grey) and the substrate (blue) with Au NPs (gold) is placed
downstream 10-15 cm.

2.1.4

Electron beam evaporation
Electron beam evaporation uses high-energy electrons to bombard a target to

produce vapor that is deposited onto substrates (Figure 2.4). A filament is subjected to a
high electric field while an electrical current is applied. The beam is directed by electric
and magnetic fields. The intense electron beam strikes a source material to vaporize it.
Striking the source material produces heat - kinetic motion transformed - and once the
surface atoms of this material have received enough thermal energy, they vaporize within
the chamber. The now volatile atoms are able to deposit on the surface of a substrate located
above the material.103 In order to obtain a high-quality film, the pressure inside the chamber
must be low (3.0 x 10-4 Torr) to reduce contamination and increase the likelihood of the
atoms depositing on the substrate versus colliding with other atoms.
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Figure 2.4 Schematic showing electron beam evaporator setup. High-energy
electrons bombard a solid Au target vaporizing the surface atoms that deposit on the
substrate located above the target.

2.1.5

Pulsed laser deposition
PLD was used to grow single-crystalline and polycrystalline SnO2 and was

performed by Dr. Andrei Sokolov (Voelte-Keegan Nanoscience Research Center,
University of Nebraska-Lincoln). A laser ablates a solid target to form a plasma plume of
the ejected material that deposits on the surface of a substrate (Figure 2.5). A pulsed laser
beam hits the surface of a solid target that absorbs the radiation leading to evaporation of
the target material. Due to the high-energy laser pulses, the target material supersaturates
the area around the substrate, which forms more nucleation sites to improve film
uniformity. Additionally, heating the substrate can assist with nucleation to further crystal
growth. The addition of background gases can help control the composition of the film,
such as oxygen when depositing oxides. A KrF excimer laser (λ = 248 nm) with a fluence
of 1.6 J/cm2 and a repetition rate of 10 Hz was used to grow SnO2 thin films on sapphire
(0001) substrates at 350˚C in a 50 mTorr oxygen atmosphere for one hour yielding film
thickness of 350 nm.
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Figure 2.5 Schematic showing PLD setup. A pulsed laser hits the surface of a target
vaporizing the surface atoms that deposit on the substrate located above the target.

2.2
2.2.1

Characterization
Powder X-ray diffraction (XRD)
The diffraction from crystals was discovered in 1912 and is now one of the most

useful techniques for materials characterization. X-ray diffraction methods are critical to
determine the crystal structure of a material and can even differentiate between compounds
with the same composition. Visible light and X-rays are a part of the electromagnetic
spectrum; however, X-rays have a wavelength 1000 times smaller than the wavelength of
visible light. The characteristics of X-rays small wavelength, high frequency, highly
energetic allow them to analyze samples that are on the nanoscale. These characteristics
make X-rays useful for studying the atomic structure of a material.101
The diffraction of X-rays is based on interference (Figure 2.6). To determine which
type of interference is occurring, Bragg’s Law (nλ=2d sin θ) is used. In Bragg’s Law, n is
an integer, λ is the wavelength of the incident light, d is the spacing between the planes,
and θ is the angle at which the incident light strikes the sample. In constructive interference,
the waves are combined (nλ); however, in destructive interference, the waves cancel each
other (nλ/2). A sample is analyzed by altering the incident angle and measuring the
intensity of X-rays scattering off electrons from individual atoms present in the crystal. To
index the peaks, Bragg’s Law is used to calculate the d-spacing. The Miller indices can
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now be assigned using equations that are dependent on the crystal system. Finally, to
minimize error, the largest reflected Bragg angle is used to calculate the lattice
parameters.104

θ

θ

d

Figure 2.6 Diagram showing constructive interference. The instrument measures
the intensity of diffraction at different angles of 2θ.

There are three important characteristics to understand about each peak in the XRD
spectrum: position, intensity, and width.23,105 The peak position is determined by the
distance between the parallel planes of atoms due to the size and shape of the unit cell. The
peak position may change if residual stress is applied to the crystal; increasing or
decreasing the d-spacing shifts the peak to a lower or higher angle, respectively. The
intensity of the peaks is determined by the arrangement of atoms in the entire crystal. The
structure factor (Fhkl) is the sum of the scattering from all of the atoms in the unit cell to
form a diffraction peak from the planes of atoms. The intensity is therefore proportional to
the structure factor squared. The intensity between a sample and a standard of the same
material may differ if there is a preferential crystal orientation in the sample, which can
even make some peaks disappear.
𝐼!"# ∝ |𝐹!"# |$
.

𝐹!"# = 1 𝑓% 𝑒 $&'(!)! *"+! *#,!%/0

𝐼!"# : intensity of the diffracted beam
𝐹!"# : structure factor
𝑁: number of atoms
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𝑓% : scattering factor of a particular atom type
ℎ, 𝑘, 𝑙: indices of the diffraction plane
𝑥, 𝑦, 𝑧: coordinates of the atoms in the lattice
The width of the peak gives information about the crystallinity of the sample; a
wider peak means lower crystallinity. Also, strain and crystal sizes affect the peak width;
small crystal size and more strain increase the width of the peaks. The Scherrer equation
relates crystal size to peak broadening. In addition, instrument parameters, temperature,
strain, and imperfections may affect the width of the peak.
𝐷=

𝜅𝜆
β cos 𝜃

𝐷: mean size of the ordered crystalline domains (smaller or equal to the grain size)
𝜅: dimensionless shape factor (varies with shape of crystallite)
𝜆: X-ray wavelength
β: line broadening at half the maximum intensity (in radians)
𝜃: Bragg angle
XRD was performed with a Bruker-AXS D8 Discover diffractometer using
CuKα radiation (1.5418Å) in UK’s Mining and Mineral Resources department with help
from Jason Backus. The peaks were indexed by the International Center for Diffraction
Data (ICDD) database or using a theoretical powder diffraction scan calculated using
CrystalMaker.
2.2.2

Scanning electron microscope (SEM)
Most light microscopes are diffraction-limited; an electron microscope uses a beam

of electrons, which are 100,000 times smaller than a photon of visible light and therefore
provides much better resolution. Instead of glass lenses that are used to focus the light in
light microscopes, electromagnetic lenses are used to focus the electrons. Scanning electron
microscopes use a focused beam of electrons to scan the surface of a sample to visualize
the topography of a sample. An electron gun is used to emit electrons that are then
condensed into a small probe to scan the surface of the material. After the electrons are
emitted, they travel through a condenser lens, which reduces the crossover diameter of the
beam, and an objective lens, which focuses the beam to the nanometer scale. The electron
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beam is raster scanned across the sample, and the electrons emitted are collected by a
detector, amplified, and used to make an image. Figure 2.7 shows the main two types of
electron signals produced by SEM: backscattered electrons (BSEs) and secondary electrons
(SEs). The high-energy electrons that strike the sample are either elastic, producing BSEs
that are scattered by the atoms, or inelastic, generating SEs that are ejected from atoms in
the sample. Typically, SEs are the primary signal for viewing the surface of the sample;
however, BSEs can provide elemental composition contrast.
Incident Beam
Backscattered Electrons
X-rays

Cathodoluminescence
(light)

Auger Electrons

Secondary Electrons

Figure 2.7 Diagram showing the ~3 micron interaction volume of electrons
interacting with a sample. SEs (blue) are produced from a depth of about 5-50 nm. BSEs
(red) are produced from around 350 nm. The interaction volume decreases with increasing
atomic number.

The cross-sectional diameter of the scanning probe determines the resolution of the
SEM. To obtain the highest resolution (~10 nm), optimizing the probe’s size and current is
critical. The probe diameter decreases with the decreasing wavelength of electrons;
therefore, increasing the accelerating voltage reduces the probe size. However, higher
voltage increases the interaction zone in lateral directions, resulting in a decrease in the
lateral spatial resolution. Another important parameter to adjust, for improved resolution,
is astigmatism. The adjustment changes the electromagnetic field of the objective lens in
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the two perpendicular directions to eliminate the distortion. The sample characteristics can
also affect the resolution. Charging occurs when the surface of the sample is electronically
non-conductive. The electron beam causes a build-up of electrons on the surface, forming
a charged region. Charging causes the image to be distorted; artifacts are formed, and it is
generally more challenging to achieve high-resolution images. A thin conductive layer (520 nm) can be applied to the surface of the sample to reduce the effects of charging. SEM
was performed on a Hitachi S-4300 SE with an accelerating voltage between 3-20 kV at
UK Electron Microscopy Center (EMC).
2.2.3

Focused ion beam scanning electron microscope (FIB-SEM)
The FIB uses a beam of Ga ions that can precisely mill the surface of a sample at

the nanometer scale. In combination with SEM, a section of a sample can be cut in order
to view a cross-sectional image of the sample. The sample is first viewed with regular SEM
to find a specific area of that sample that a cross-section is desired. With the electron beam,
a thin (500 nm) layer of a protective material (usually Pt or C) is deposited to protect the
surface. With the ion beam, a slightly thicker (1 μm) layer of the protective material is
deposited to protect the surface of the sample further. Below this area, a stair-step shape is
milled to remove this section of the sample (Figure 2.8). Then, a cleaning cross-section, in
which we perform a milling step directly perpendicular to the surface, was performed
repeatedly to view the various layers on the cross-section.
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Figure 2.8 Diagram showing the stair-step shape area that is milled by the ion
beam, the protective layer of Pt or C, and the area where the cross-section is viewed.

Additionally, a TEM lamella can be extracted from a larger sample using the FIB.
The first part of the procedure follows the same steps as stated above for cross-section
imaging. Additionally, a stair-step shape followed by the vertical cleaning cross-section is
executed above the coated area by changing the scan direction. Next comes an ion milled
J-cut to suspend the coated area; only attached to the rest of the bulk sample on one side.
On the opposite side, the sharp needle is inserted and attached to the lamella by a flow of
platinum or carbon. The lamella is cut loose from the bulk sample and the lamella is slowly
lifted by controlling the needle, as shown in Figure 2.9. Next, the lamella is attached to the
TEM grid by platinum or carbon and the needle is cut loose. The final steps involve
carefully milling either side of the lamella in order to be thin enough for TEM analysis.
Figure 2.9 shows the top of a lamella attached to the TEM grid after the thinning process.
Using the UK Electron Microscopy Center (EMC), a FEI Helios Nanolab 660 dual beam
FIB-SEM was used to view the cross-section of a sample operated with immersion mode
in either secondary electron (SE) or back-scattered electron (BSE) mode. A gas injection
system (GIS) was used to deposit carbon or platinum to protect the surface of the sample.
A gallium liquid metal ion source (LMIS) was used for precious milling and an Oxford
EDX detector was used for elemental analysis.106
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Figure 2.9 FIB lamella procedure showing the attachment to the needle during lift
out and the top of a thinned lamella attached to a TEM grid.

2.2.4

Transmission electron microscope (TEM)
In TEM, a high-energy beam of electrons passes through a thin (less than 100 nm)

sample and the electrons interact with the atoms of a sample producing signals that can be
transmitted into an image. The highest resolution of conventional TEM is about 1 nm but
can be improved by using a scanning transmission electron microscope (STEM), which
can have a resolution of less than 0.1 nm. Samples are usually deposited on a 3 mm copper
TEM grid with an amorphous carbon layer. Some holders are designed to be tilted either
single or double tilt, which is crucial to studying crystalline samples. TEM was performed
on a JEOL 2010F 200 keV field emission or FEI Talos F200X 200 KeV with Super-X EDS
system at UK EMC. Further TEM analysis was performed at 100KV on a Nion UltraSTEM
100 in the Center for Nanophase Materials Science user facility at Oak Ridge National
Laboratory.
2.2.5

Energy dispersive X-ray spectroscopy (EDS)

The sample is bombarded with electrons and the X-rays emitted from the sample are
collected and analyzed to give information about the elemental composition. A high-energy
beam of electrons contacts the surface of a sample and inner shell electrons from the atoms
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on the surface of the sample are ejected, leaving behind electron holes (Figure 2.10).
However, electrons in higher energy shells quickly fill the vacancies. The difference in
energy between the inner and outer shells is balanced by the emission of an X-ray, which
depends on the atomic structure; elements emit X-rays with different energies. The energies
associated with these characteristic X-rays are known and can be used to identify elements
in a sample. EDS can typically analyze an area from about 0.1-3 μm, depending on the
instrument. All of the elements present in the sample are typically displayed as a spectrum
of their intensity versus energy. Additionally, elemental mapping can be performed to give
visual information as to the location and intensity of the elements.
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Figure 2.10 Left: diagram showing the incoming electron eject, an inner shell
electron, leaving a vacancy that is filled by an outer shell electron, releasing an X-ray that
is characteristic to a particular element. Middle: typical EDS spectrum showing the
intensity of the emitted X-rays versus their energy. Right: an example of an elemental
mapping of an area of the sample.

2.3

Gold deposition
The substrates were first cleaned by sonication for 3-5 minutes each with acetone,

isopropyl alcohol, and distilled water. Air was used to remove any water droplets before
drying at 80-150°C to remove any residual moisture for a minimum of one hour. During
experimentation, the substrates were stored in a desiccator. Two methods were used to
deposit gold NPs on the surface of the substrates, as shown in Figure 2.11. In the first
method, a micro-pipette was used to deposit 5 μL of Au colloidal solution on the surface
of the substrate. The Au NPs are supplied in purified water, with no further surfactants or
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stabilizers added. The particles have a citrate coating, because of the manufacturing
process, which provides them with a negative charge on the surface allowing them to repel
one another and remain in solution. This method is simple and quick; however, the NPs
are not evenly dispersed and aggregate around the edges of the substrate as the solution
dries. After depositing the Au solution, allowing the substrate to dry slowly in the
desiccator helped the particles spread out more versus drying the substrate on a hotplate or
in the oven. The other method used the electron beam evaporator to deposit a thin (4-8 nm)
layer of gold on the substrate. This method occurs under high vacuum, which reduces the
likelihood of contamination. After the deposition of the Au layer, as explained above, the
substrate was annealed at 500°C for 30 minutes with a 100 sccm Ar flow rate to form Au
NPs on the surface. In this process, the catalyst melts on the substrate and produces roughly
spherical shaped NPs. The Au NPs are more evenly dispersed on the surface of the
substrate; however, the size of the NPs is not uniform.

Figure 2.11 SEM images showing the deposition of Au a) 80 nm Au solution
showing the separation of NPs b) 10 nm Au solution showing aggregation of NPs c) 4 nm
Au film deposited by electron beam evaporation and annealed showing dispersed NPs d)
8 nm Au film deposited by electron beam evaporation and annealed showing various sizes
and shapes of Au NPs.

CHAPTER 3. ETCHING OF NEGATIVE NANOWIRES (NNWS)
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3.1

SLV Project Overview
Parts of this chapter (introduction, methods, and some experimental analysis of Au-

catalyzed materials), with permission from the lead author are taken from: Yu, L.; Riddle,
A. J.; Wang, S.; Sundararajan, A.; Thompson, J.; Chang, Y.-J.; Park, M. E.; Seo, S. S. A.;
Guiton, B. S. Solid–Liquid–Vapor Synthesis of Negative Metal Oxide Nanowire Arrays.
Chem. Mater. 2016, 28, 8924–8929.107 My contributions include assistance in conducting
experiments, characterization such as performing the FIB cross-sectional data that was
included in the abstract and as a major figure, writing, finding literature citations, and
editing in response to reviewers’ comments.
As previously mentioned in the introduction, the resulting goal of this thesis is to
form a composite material utilizing SLV etching and reusing the catalyst to grow NWs via
the VLS mechanism. To better understand the SLV mechanism we chose to focus on
several systems to determine the optimal system to fabricate SLV-VLS composite
materials. The SLV etching of an individual Au-catalyzed single-crystalline SnO2 NW, as
observed in a TEM, was used as a starting point for the etching procedure.108 Based on this
study we chose to use single-crystalline SnO2 thin film grown on a sapphire substrate as a
representative example to reproduce the SnO2 dissolution but in a bulk material. As a
comparison to single-crystalline SnO2, we also performed analysis on polycrystalline SnO2
to observe any crystallographic similarities/differences between single and polycrystalline
materials. Furthermore, based on the known Au-catalyzed VLS growth of ZnO NWs we
also studied the SLV etching of two different orientations of commercial ZnO substrates.
In addition to changing the material being etched, we also change the catalyst NPs. Based
on a comprehensive literature review, price, toxicity, and availability, Pt was studied as an
alternative catalyst to Au.
3.2

Introduction
Single-crystalline NW syntheses comprise a vast body of research, in no small part

because such an approach can produce materials with well-defined, crystalline surfaces
which are identical in structure and function from wire to wire.109–112 In large quantities,
the large surface-to-volume ratios of nanomaterials translates to very large, functional,
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surface areas. For anisotropic materials such as nanowires, growing them in large arrays
has created further interest, since in this architecture the surfaces presented may be aligned
and very closely spaced, making them attractive for incorporation into working devices.113–
116

In the usual case, an array of NWs is fabricated by growing from within a (usually

amorphous) template (which is subsequently dissolved) or from a patterned array of metal
catalyst particles.117–122 The resulting wires are therefore generally freestanding, with no
precise relationship to, or interaction with, one another, though there are some reports of
alignment achieved via lattice-matching with the underlying substrate.123–126
An alternate approach to creating a similar array of surfaces is instead to embed an
array of NNWs, or pores, within a single-crystalline matrix. One particularly elegant
approach is to utilize metal catalyst droplets via the SLV mechanism.127–133 This approach
employs a variation on the reverse of a typical VLS nanowire growth mechanism, in which
a metal catalyst droplet catalyzes the growth of a single crystalline NW from vapor-phase
reactants. In an SLV dissolution process, diffusion from the solid into the metal suppresses
the liquidus of the resulting solid solution, inducing the particle to melt. Continued
diffusion into the now alloyed droplet continues until supersaturation occurs and the
reactant vapor leaves the particle at the liquid−vapor interface. If the driving forces, such
as low pressure and/or a reactive chemical atmosphere, for the process are maintained, the
metal droplet can be induced to etch the crystal.
In addition to the typical advantages associated with VLS nanowire growth, such
as control over the size of the NNW (via controlling the size of the catalyst), control of the
cross-sectional shape of the NNW (by minimizing the surface energies of the bounding
facets), and great versatility in the choice of material, NNW arrays created using the SLV
mechanism have several other key advantages. Like freestanding NWs, NNWs could be
expected to grow along unique etch directions (to minimize the surface energy associated
with the bounding facets) and can, therefore, be expected to have well-defined
crystallographic relationships to one another, for example by aligning in parallel.
Additionally, unlike an array of freestanding NWs (other than perhaps those grown
epitaxially from a single-crystalline substrate), a NNW array will not comprise many freestanding objects but will instead be contained within a single object, rendering it easy to
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pick-up and handle. Further, because it is contained within a single crystal, it is possible to
imagine that interaction between the NNWs might be manipulated by an external stimulus
such as applied pressures and lattice strain.
Previous work to synthesize NNW arrays has focused on Group IV, III−V, and
II−VI semiconductors and mostly utilized reactive gaseous environments. Wagner first
reported SLV etching of negative whiskers in 1968, etching holes into single-crystalline Si
and Ge substrates with Au and Ni catalyst particles, respectively, within a reactive gas
environment.127 In this case, the reaction of Si or Ge with hydrogen chloride gas at the
liquid−vapor interface was seen to drive the etching process. Over a decade after this first
report, Givargizov et al. grew negative whiskers of ZnS via the SLV mechanism in
hydrogen flow, and CdS, GaAs, and GaP were found to etch in a similar way.128–130 Much
more recently, InP NWs have been found to etch using Au catalyst particles in HCl flow;
Ge NWs were created by etching in 2,3-butanedione, and Nikoobakht et al. found Au
catalysts would etch across the (001) surface of InP, InAs, and GaP in water vapor.131–133
Reactive gas atmospheres can present their own challenges, as these gases are often
corrosive, or highly diffusive, and the diffusion of reactive gases and etchant ions into the
substrate material may leave behind unwanted byproducts.134,135 Etching in a vacuum (in a
nonreactive atmosphere) is a way to overcome this problem. To date, the only report of
SLV etching to produce NNW arrays performed in a vacuum environment was published
by Kim and Stach, who etched GaN self catalytically, with Ga droplets formed by the
decomposition of the surface layer of the substrate, and the only known report of SLV
etching by a dissimilar catalyst material in a similar environment was by Hudak et al. in
which an entire NW of SnO2 was dissolved by the metal catalyst particle at its tip, during
in situ heating in the TEM.136,137
We speculate that a similar vacuum SLV etching approach could be applied to a
wide range of crystalline substrates to produce NNW arrays; indeed, any catalyst− substrate
material combination previously known to produce NWs via the VLS mechanism should
be a viable candidate for SLV etching. Here, we show controlled SLV etching in a
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chemical-free environment using a dissimilar catalyst for the first time, on different oxides,
and demonstrate control over the size, shape, and etch direction of NNW production.
3.3

Methods
Epitaxial (111) SnO2 thin films of around 350 nm were grown on (0001) sapphire

substrates via PLD. The ZnO substrates were purchased from MTI corporation. To produce
metal catalyst droplets, 4 nm (for Si) or 8 nm (for the oxides) of Au was deposited on each
substrate using e-beam evaporation, and the composite was annealed at 500 °C for 30 min,
to produce NPs (Figure 3.1). Alternately, a 50 nm gold colloid solution (BBI Solutions)
was drop-cast onto the surface. To perform etching, the nanoparticle/substrate composite
was placed in a closed-end tube furnace, connected to a turbopump, and heated under the
conditions given in the text at a pressure of 10−5−10−6 Torr.

Electron beam

500 nm

500 nm

Anneal
Low Pressure

500 nm

500 nm

Solution NPs
Figure 3.1 The NPs are deposited on the surface by electron beam evaporation or dropcasting a solution of NPs. Samples are annealed at low pressure causing the metal
catalyst to melt and etch into the surface forming NNWs. FIB-SEM is used to determine
the characteristics of the etching process (hole diameter, depth, direction, etc).

For characterization, XRD patterns were obtained on a Bruker D8 Advance X-ray
diffractometer at an angle of 2θ from 20° to 100°, using Cu Kα radiation (λ = 0.15406 nm).
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Pre-etching and post etching substrates were imaged using a scanning electron microscope
(SEM, Hitachi S 4300). A dual-beam focused ion beam (FIB) scanning electron
microscope (SEM) was used to view the cross-section of the substrates. For this, a FEI
Helios Nanolab 660 system was operated with immersion mode in either SE or BSE mode.
A gas injection system (GIS) was used to deposit carbon or platinum to protect the surface
of the sample; a gallium LMIS was used for milling, and an Oxford EDX detector was used
for elemental analysis. The area for imaging was first covered in carbon, platinum, or
tungsten and the ion beam was used to drill into the sample, exposing an inner cross-section
of the sample for imaging.
3.4

Single-crystalline SnO2
In order to investigate the extent to which the crystallographic arguments are similar,

we attempted the SLV etching process on epitaxial thin-films of SnO2. Films of SnO2 were
grown using PLD and showed phase-purity and good crystallinity, with a (111) orientation
due to matching with the underlying (0001) sapphire substrate (Figure 3.2).
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(0006)

(222)

Figure 3.2 XRD of single-crystalline SnO2 on a sapphire substrate.

3.4.1

Au catalyst
Before annealing, the Au particles are easily observed on the surface of the SnO2

film (Figure 3.3) as well as the surface of SnO2 show after etching showing no Au NPs left.

500 nm

500 nm

Figure 3.3 SEM images showing single-crystalline SnO2 with an 8 nm Au layer
annealed to form Au NPs and the surface after etching.

Operated with immersion mode with the BSE detector, the FIB was used to obtain
a cross-sectional SEM image of a NNW in SnO2 as shown in Figure 3.4a. Since BSE
detectors can offer some elemental contrast information, the bright region corresponds to
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Au, which has a higher atomic number than the surrounding SnO2 area. Furthermore, the
EDS spectrum shows the presence of Au (Figure 3.4b).

Figure 3.4 a) FIB cross-section SEM image of SnO2 thin film etched with 8 nm
thickness of Au at 950°C for 1 hour b) EDS spectrum for the bright region at the bottom
of the hole, showing the presence of gold. Sample synthesized by Lei Yu.107

Upon further FIB analysis, in addition to SLV etching, there is diffusion of Au
through the single-crystalline SnO2 an accumulation at the interface with the sapphire
substrate (Figure 3.5). The TEM images provide further confirmation of the presence of
Au at the sapphire interface (Figure 3.6). We hypothesize that the single-crystalline SnO2
structure allows for competition between SLV etching and Au diffusion at the high
temperature needed to induce etching. During TEM analysis it was also observed that an
imperfection within the single-crystalline SnO2 block the diffusion of Au. This is a
surprising observation because grain boundaries often aid in diffusion.138–140 One possible
explanation from Akita et al., is that oxygen defects have higher adhesion energy and may
prevent the diffusion of gold.141 To make any conclusions more information is needed and
studies into the diffusion process are ongoing.
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Carbon

SnO2
500 nm

Al2O3

500 nm
Figure 3.5 A FIB cross-sectional image of etched single-crystalline SnO2 by Au.
The top image shows the three layers; sapphire substrate, SnO2 thin film, and the carbon
coating to protect the surface during FIB milling. In the bottom image, the green arrow
shows an etched NNW with Au at the bottom. The blue arrows correspond to Au that is
diffusing through the SnO2 and the red arrows show the Au at the SnO2-sapphire interface.

SnO2

Al2O3

SnO2
Au

Carbon

Al2O3

Al2O3

Mag: 10k

Mag: 100k

SnO2

Au
Mag: 500k

Figure 3.6 TEM images of a lamella of an Au etched single-crystalline SnO2 on a
sapphire substrate coated with carbon.

3.4.2

Pt catalyst
From the surface, the SLV etching by Pt in single-crystalline SnO2 looks very

similar to that of Au, as seen in Figure 3.7. The size of the etch pores varies more due to
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the Pt NP being in solution and aggregation causes the size to be less consistent than using
the electron beam evaporation technique used for Au. Figure 3.8 shows a representative
example of a FIB cross-section of Pt etched single-crystalline SnO2 with corresponding
EDS analysis (Figure 3.9). In all cases, in contrast to the Au samples, no diffusion of Pt
was observed through single-crystalline SnO2.

500 nm

Figure 3.7 SEM image showing the surface of etched single-crystalline SnO2 with
Pt catalyst.

Carbon

SnO2
Al2O3
100 nm
Figure 3.8 FIB image showing cross-section of etched single-crystalline SnO2 with
Pt catalyst.
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C
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Sn
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Figure 3.9 EDS analysis of etched single-crystalline SnO2 with Pt catalyst.

3.5

Polycrystalline SnO2
The polycrystalline SnO2 was made using the same PLD protocol but on a silicon

substrate with an amorphous native oxide layer that leads to polycrystalline SnO2.
Furthermore, silicon has less of a lattice match to SnO2 than sapphire. Many of the initial
studies using polycrystalline SnO2 were plagued with issues due to the surface breaking
down at high temperatures needed to induce etching. It was also notable the difference in
etching temperatures between single-crystalline and polycrystalline SnO2 being much
lower, an indication that the strength of the polycrystalline SnO2 thin film might be an
issue. To combat this issue, with the polycrystalline SnO2 samples we performed an
annealing study to try to increase the crystallinity and the resulting strength of the thin film.
Shown in Figure 3.10 the original XRD spectrum (black) showed only a peak for the
underlying silicon substrate. Upon annealing at 600 °C, the peaks for SnO2 increase in
intensity with a preferential direction but still polycrystalline nature after three (red) and
twelve hours (blue), respectively. Furthermore, the SEM image provides visual data
showing the improvement to the surface of the polycrystalline SnO2 thin films that were
annealed before Au deposition and etching.
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Etched only

500 nm
Annealed 12 hrs 600 °C

500 nm

Figure 3.10 XRD and SEM image showing the surface of etched polycrystalline
SnO2 after annealing study at 600 °C in air.

3.5.1

Au catalyst
Annealing the polycrystalline SnO2 helped to increase the strength of the thin film,

but careful optimization of the etching was necessary. At 625 °C, no etching has occurred.
As the temperature is increased to 650 °C only some of the very small NPs have begun to
etch but overall a majority have not changed (Figure 3.11). More NPs are beginning to etch
at 700 °C and can be seen roughly parallel with the surface. Additionally, the images show
a few larger NPs that sit above the SnO2 surface and some smaller NPs that are farther
below the surface, as seen by the darker contrast. At 725 °C, all the Au NP have etched the
polycrystalline SnO2.
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625 °C

650 °C

675 °C

700 °C

725 °C
500 nm
Figure 3.11 SEM image showing the surface of etched polycrystalline SnO2

As seen in Figure 3.12, there is some diffusion of Au through the polycrystalline
SnO2 but the diffusion is minimal in comparison to single-crystalline SnO2. There are two
possible reasons for this observation: 1) the etching temperature for polycrystalline SnO2
(725 °C) is lower than for single-crystalline SnO2 (950 °C) and therefore there is not
enough energy to induce diffusion at the lower temperature. 2) The polycrystalline SnO2
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has more grain boundaries compared to single-crystalline SnO2. As discussed earlier, grain
boundaries usually aid in diffusion, therefore it is likely the lower processing temperatures
necessary lead to the decreased diffusion in polycrystalline SnO2 compared to singlecrystalline.138–140 Ongoing in situ TEM studies are being performed to understand the
diffusion of Au through single and polycrystalline SnO2. Furthermore, most of the NNWs
have a bright spot, corresponding to their atomic number (z), at the bottom of the well – an
indication that the Au catalyst remains at the base of the NNW rather than diffusing away.
Note that the length of the NNWs is very shallow in comparison to other systems. The
three most important parameters for etching depth are temperature, time, and size of the
original catalyst NP. Using current methods as discussed earlier it is difficult to control the
size of the NPs due to aggregation and Ostwald ripening. Furthermore, the etching
temperature for polycrystalline SnO2 cannot be increased substantially without destroying
the surface of the thin film.

Carbon

Carbon

SnO2

Si

SnO2
200 nm

Si

500 nm

Figure 3.12 FIB cross-section image showing etched polycrystalline SnO2

3.5.2

Pt catalyst
As predicted the etching of polycrystalline SnO2 by Pt was difficult due to the thin

film breaking down at temperature high enough to melt the Pt NPs and eventually etch with
the Pt catalyst. Figure 3.13 shows the surface of the polycrystalline SnO2 with solution Pt
NPs on the surface. The NPs can be seen to aggregate in places into large clumps, but
individual NPs can still be resolved. After etching, the edges of the substrate appear to have
etched but upon further observation at increased magnification, it appears that the surface
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has cracked rather than etched (Figure 3.14). Furthermore, other areas of the surface have
visible Pt NPs, but the temperature was high enough to induce melting; since the individual
particles are no longer resolvable. The preliminary research was included here to provide
the full story, but more research is necessary to make definitive conclusions regarding this
system.

5 μm

25 μm

Figure 3.13 Showing Pt NPs on polycrystalline SnO2 surface.

5 μm

25 μm

25 μm

Figure 3.14 After etching with Pt on polycrystalline SnO2 surface.

3.6

ZnO (0001)
VLS grown NWs are well-known to possess unique wire directions, resulting from

preferential growth directions that maximize the low energy surfaces. To investigate the
possible translation of this effect to NNW growth, we performed SLV-etching of singlecrystalline ZnO substrates with the wurtzite structure and two different orientations and
two different catalysts. ZnO was chosen because when grown in NW form it is consistently
seen to grow along the [0001] direction, and with a distinctive hexagonal cross-section.
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Similarly, to NW growth, the NNWs are seen to etch along the [0001] direction
with Au and Pt catalysts, leading to tracks perpendicular to the substrate surface for (0001)oriented ZnO. In all cases there is evidence of etch tracks parallel to the surface, suggesting
that mobile gold droplets initially diffuse across the (0001) surface, etching trenches via
the SLV process, but only in the case of annealing at a higher temperature (> 950 °C) do
the NPs acquire sufficient activation energy to etch perpendicular to the surface in the
preferred [0001] direction. This fascinating set of observations provides evidence that
though there is a thermodynamic driving force for etching in the [0001] direction, the
particles must first overcome activation energy. We speculate that this may be an adhesive
force between the gold droplet and the walls of the NNW.
3.6.1

Au catalyst
Figure 3.15 shows two SEM images with lower and higher magnification of the

etching at various temperatures. At 850°C, the Au NPs are observed to be on the surface
of the ZnO substrate therefore no etching occurred. At 900°C there appears to be etching
by some Au NPs, however, there are a few particles about 100-200 nm still observed on
the surface indicating that there might be a connection to the size of the NP and the
temperature needed to etch. At 950°C, almost all Au is seen to etch into the substrate as
well as some etching observed across the surface. At 1000°C, there appears to be no Au on
the surface but also some areas of the substrate underwent cracking at this temperature.
Additionally, ZnO has a hexagonal crystal structure and this pattern can be seen during
etching due to minimizing energy.
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1 μm

850°C

250 nm

2.5 μm

5 μm

950°C

900°C

500 nm

1 um

1000°C

100 nm

Figure 3.15 SEM images showing the SLV etching at various temperatures for 1
hr on ZnO (0001) substrates with 4 nm Au layer deposited and annealed.

Figure 3.16 shows two SEM images with lower and higher magnification of the
etching with various reaction times. In 0.25-1 hour, Au NPs can still be observed on the
surface indicating that the time was not long enough for all the Au to etch into the substrate.
At the 30 min midpoint, roughly half of the NPs appear to have initiated the etching
process, suggesting that, unlike the VLS growth process, saturation of the gold catalyst and
“nucleation” of the NNW does not occur rapidly during SLV etching, most likely because
the reactant is now contained within a stable crystalline lattice, as opposed to the vapor
phase as is the case for VLS. At 1.5 hours, no Au is observed on the surface of the substrate.
The FIB cross-section images show that there is a correlation between reaction time and
the depth of etching (Figure 3.17). The average depth of the holes was 168 nm, 260 nm,
and 750 nm for 0.5 hour, 1 hour, and 1.5 hours, respectively. The increase in depth of the
NNW is supported by VLS NW growth, since NW length is positively correlated with
growth time, since the saturation of a gold catalyst particle with reactants and subsequent
nucleation of the NW occurs rapidly, after which the NW length increases at a roughly
constant rate.142,143 Furthermore, the FIB was used to produce a TEM lamella of a NNW in
ZnO, which did not show Au in the bottom of the hole, as previously hypothesized. There
are two possible scenarios to explain the data: the Au is wetting the walls of the NNW or
diffusing into the ZnO.
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1 μm

0.5 hr

0.25 h

500 nm

2.5 μm

2 μm

1hr

500 nm

1.5 hr

2 μm

500 nm

Figure 3.16 SEM images showing the SLV etching at 950°C for various times on
ZnO (0001) substrates with 4 nm Au layer deposited and annealed.

200 nm

400 nm

2 μm

Figure 3.17 FIB cross-section images of ZnO SLV etching at 950°C for 0.5, 1, and
1.5 hours etching, respectively. These images also show the disappearance of the Au at the
bottom of the NNWs.

One simple advantage of VLS NW growth is the ability to dictate NW diameter
using the size of the metal catalyst particle. A similar dependence is observed in our
experiments, as evidenced by a comparison of Au16 NP size before SLV etching and NNW
size afterward. From the SEM images, there is a clear correlation between the initial size
of the Au NP and the size of the hole after etching; additionally, the aggregation of NPs
makes it challenging to make a quantitative assessment. Interestingly, the average NNW
diameter is seen to be consistently larger than that of the initial NP, suggesting that, once
melted, the NP wets the surface to form a flattened droplet with a wider diameter than the
initial solid metal. Though potentially complex, there is clearly a close dependence of
NNW diameter on the initial Au droplet size, and it is the opposite of VLS growth of NWs,
for which surface tension of the Au droplet leads to NW diameters smaller than the droplet
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diameters. The average size of the NPs in Figure 3.18a was 10 ± 1 nm and 50 ± 1 nm,
respectively. Using Figure 3.18b,c and Figure 3.18e,f, the average size of the NNWs was
65 ± 15 nm and 98 ± 20 nm, respectively. There is high uncertainty in these averages due
to aggregation making it challenging to tell if a hole is from only one NP. The numbers
were included to show that SLV etching produces NNWs with a diameter that is larger than
the size of the original Au NP. Further work is needed and therefore, this experiment is an
ongoing project. The hope is to optimize the conditions for various sized NPs (2-100 nm)
and obtain quantifiable data on the ratio of the average diameter of NPs to holes.
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Figure 3.18 SEM images of ZnO (0001) substrates showing a) 10 nm Au solution
deposited b, c) SLV etching for 1 hour at 950°C for 10 nm Au NPs d) 50 nm Au solution
deposited b, c) SLV etching for 1 hour at 950°C for 50 nm Au NPs.

3.6.2

Pt catalyst
The etching by Pt in (0001) ZnO substrates was very similar to Au but with less

lateral surface etching before etching in the preferred [0001] direction. Similar to etching
with an Au catalyst, the Pt could not easily be seen at the bottom of the NNWs (Figure
3.19). While Pt is less likely to diffuse than Au, there are still two possible scenarios to
explain the data: the Pt is wetting the walls of the NNW or diffusing into the ZnO.
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1 µm

250 nm

250 nm

Figure 3.19 SEM surface and FIB cross-section images of ZnO SLV etching with
Pt.

3.7
3.7.1

ZnO (11-20)
Au catalyst
Figure 3.20 shows the SLV etching on ZnO (11-20) substrate with Au catalyst was

performed. As seen in prior experiments, the NNWs are seen to etch along the [0001]
direction leading to tracks parallel to the (11-20) surface (Figure 3.20c-e). Evidence that
the NNW etch direction is [0001] for ZnO is provided not only by the etch tracks parallel
to the surface but also by the orientation of the hexagonal cross sections of the NNWs with
respect to the surface. The depth of some NNWs, as seen in Figure 3.20f, is almost µm
deep which means there is also some vertical etching occurring in the [-1-120] direction.
Since the etching occurs both vertical and parallel to the substrate it is difficult to conclude
if the Au catalyst remained when etching was concluded.
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2.5 μm
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1 μm

Figure 3.20: SEM images of a-b) Solution Au NPs on ZnO (11-20) substrate c-e)
After etching at 950 °C for 0.5 hour; increasing magnification f) FIB cross-section image.

3.7.2

Pt catalyst
The results from SLV etching on ZnO (11-20) substrate with a Pt catalyst are shown

in Figure 3.21. In the schematic diagram, the unique directions are shown with ~25° angle
to the substrate surface in both directions as well as etching perpendicular at 90°. It is
important to reiterate that during imaging of FIB cross-sections sometimes the NNWs are
not perfectly in the plane of the image but with continued slow milling of just few
nanometers of material the entire length of the etched NNW is confirmed in several frames.
The etching for these three equivalents directions are [-1-120], [-12-10], and [2-1-10].
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Carbon
~25°

~25°

90°

Pt

Pt

Pt

1 µm

ZnO

500 nm

500 nm

500 nm

Figure 3.21 SLV etching of ZnO (11-20) substrate with Pt catalyst. Top: SEM
image of the surface after etching and schematic diagram showing unique crystallographic
etching relationship Bottom: FIB cross-section SEM images of SLV etching.

CHAPTER 4. NW COMPOSITE GROWTH
4.1

Introduction
The main goal of this project was to combine the SLV etching with the VLS growth

of NWs to synthesize a composite material. The first step was SLV etching of SnO2 or ZnO
under high vacuum and temperature as stated in the previous chapter (Figure 4.1). The next
step was to grow NWs via VLS mechanism from within the etched holes reusing the
catalyst left at the bottom of the hole. As discussed in Chapter 1, VLS grown NWs have
significant attributes, such as single-crystalline nature and defect-free, that would be
beneficial to utilize in technology. The main drawback is NWs typically grow in all
directions and not in ordered arrays. While there are various methods to circumvent this
issue all of them still have major issues. The vapor phase growth and solution-based
methods have produced NWs with high crystallinity, monodispersity, and controlled
morphology, but these techniques are not easily able to control the location of the NWs,
which is critical in order to utilize them in devices. The template-based methods can control
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the location, but the use of amorphous templates typically produce polycrystalline NWs
that are less effective for the desired purpose. Removing the template often requires harsh
solvents that could damage the NWs. Furthermore, the design of templates with the ideal
size and length, are often limited to a hexagonal pattern. The production of properly
aligned, closely spaced, and defect-free single-crystalline NWs are necessary for various
devices. Thus, there is a crucial need to develop methods to precisely align NWs.
Here we combine the well-known VLS process with its less well-studied reverse
process, to produce a composite comprising interfaces with many potential applications
such as for electronic devices. Moreover, the use of high-resolution microscopy could
elucidate the structure-function relationship of these interfaces. From the comprehensive
studies of NNW fabrication discussed in Chapter 3, we chose four target systems for the
creation of SLV-VLS composites. In order to produce a composite material, the major
requirement is that the catalyst must be contained at the bottom of the hole. Thus, utilizing
the catalyst for a second time for VLS NW growth. For the single-crystalline SnO2 with
Au and Pt catalyst there was catalyst material visible in the holes which could be utilized
to grow ZnO NWs. Though the Au was seen to diffuse there was a significant density of
NNWs with Au residing at the bottom to justify attempting to fabricate the composite.
Additionally, in situ TEM experiments are ongoing in order to determine the conditions for
etching versus diffusion. ZnO NWs were also grown in polycrystalline SnO2 etched by Au,
which showed minimal diffusion in comparison to single-crystalline SnO2, and SnO2 NWs
were grown in the ZnO (11-20) substrate etched with Pt. Thus, these four substrate/NW
combinations were chosen.
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Al2O3
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Figure 4.1 Schematic diagram showing the first step (SLV) and second step (VLS)
NW growth for the four systems.

4.2

Methods
Both types of NWs were grown via the VLS mechanism using the CVD technique,

as explained in Chapter 2. The ZnO NWs were grown by mixing ZnO and graphite in a 1:1
weight ratio. Graphite and SnO2 in a 1:1 weight ratio were mixed as starting material for
the SnO2 NWs. This starting material was placed in the center of a quartz tube furnace and
the SLV etched substrate was placed downstream ~15cm from the center. The system is
set under vacuum (~1 Torr) followed by a flow of argon (20-100 sccm). The temperature
is ramped 20 °C/min to holding temperature (850-1000 °C) for 0.5-3 hours.
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4.3
4.3.1

ZnO NWs Growth from within Single-Crystalline SnO2
Au catalyst
As stated in Chapter 3, the single-crystalline SnO2 showed significant diffusion of

Au in addition to SLV etching to produce NNWs. Reusing the Au catalyst material left
behind in the NNWs ZnO NWs were grown. As observed in Figure 4.2a,b, a spherical tip
is visible above the surface, and the NWs appear without any structural defects. In the FIB
cross-sectional analysis, there is a film of ZnO on the surface (Figure 4.2c,d). This ZnO
film interferes with the SnO2/ZnO interface making it challenging to determine the growth
direction of the NW.
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Figure 4.2 Au-catalyzed ZnO NWs in a SLV etched single-crystalline SnO2 a)
schematic diagram showing the NW growth above the surface b) SEM image of NW
growth above the surface c) schematic diagram showing a cross-section after NW growth
d) FIB cross-section SEM image after NW growth.
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4.3.2

Pt catalyst
After SLV etching single-crystalline SnO2 with a Pt catalyst, as described in chapter

3, ZnO NWs via VLS were grown from within the etched holes. The SEM images show
the surface and a cross-section of a NW grown (Figure 4.3). It can be seen that the NW has
a consistent interface with half of the hole, but in the other half there is a gap where the
NW is not wetting the sidewalls of the NNW. One of the values of using VLS NW growth
is that the catalyst size dictates the diameter of the NW. In addition to controlling the NW
diameter we are also forcing it to be confined to the surrounding single-crystalline lattice.
In this case, there are issues with the NP wetting the sidewalls during initial NW growth.
Further analysis is needed to determine if there are conditions (temperature, saturation
concentration, etc) that may influence the wetting of the entire NNW surface before NW
precipitation occurs.
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Gap

ZnO

250 nm
Pt
ZnO

C
SnO2

Gap

500 nm

Al2O3

Figure 4.3 ZnO NW grown in single-crystalline SnO2 catalyzed by Pt. Top: SEM
image of the surface of an embedded NW. Bottom: FIB cross-section image of the NW
embedded in SnO2 thin film with corresponding schematic diagram.

Figure 4.4 shows a detailed EDS analysis on a FIB cross-section image at the
beginning of the ZnO NW growth process. The spectrum of the NW growth area clearly
shows peaks for Zn and Pt. The Zn should be absorbed into the Pt catalyst. Since this EDS
analysis was taken on a FIB cross-section, peaks for Sn should be present because the
detectors will reach farther into the sample than just the surface. The Al is from the sapphire
(Al2O3) substrate and carbon was used to protect the surface during FIB milling.
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C
Zn & Pt
SnO2
Al2O3
Al

250 nm
Sn

C

Zn

Pt

Figure 4.4 SEM image of FIB cross-section with EDS spectrum and map of
initiating ZnO NW grown in single-crystalline SnO2 catalyzed by Pt.

4.4

Polycrystalline SnO2, ZnO NWs, and Au catalyst
As described in Chapter 3, after SLV etching polycrystalline SnO2 with an Au

catalyst, ZnO NWs via VLS were grown from within the NNWs. A SEM image of the
surface and the two sides of a lamella produced in the FIB are shown in Figure 4.5. During
the coating of the protective carbon layer, the NW acts like an umbrella, blocking some
areas from getting fully coated and causing the dark pockets as seen in the image on side
A.
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C ion beam
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Vacuum (NW
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Au
ZnO
SnO2
Al2O3

250 nm

250 nm

Top

Side A

250 nm

Side B

Figure 4.5 Schematic diagrams and SEM images of the surface and FIB crosssection of each side of a TEM lamella of polycrystalline SnO2 that was etched with an Au
catalyst that is then used in a subsequent step to grow ZnO NWs.

Further analysis was performed using EDS in the TEM to determine the
composition of the NW (Figure 4.6). The EDS map clearly shows an Au tip with Zn as the
basis of the NW (the oxygen was also present but not shown in the map for clarity).
Furthermore, while smaller than originally hypothesized there is a clear interface between
the ZnO NW and the SnO2 thin film. High-resolution TEM data is required to understand
the interface between the two oxide materials and determine the NW growth direction.
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Au ZnO

Carbon
SnO2
ZnO/SnO2
interface

Figure 4.6 A schematic diagram of a ZnO NW grown in polycrystalline SnO2 that
was etched by Au prior to NW growth highlighting the ZnO/SnO2 interface. TEM image
and EDS mapping of the lamella shown above.
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4.5

ZnO (11-20), SnO2 NWs, and Pt catalyst
After SLV etching of a single-crystalline ZnO (11-20) substrate with a Pt catalyst, as

described in Chapter 3, SnO2 NWs via VLS were grown from within the etched pores.
Figure 4.7 shows SEM images of the surface of the substrate and the NWs embedded in
the etched pores. During NW growth the Pt catalyst can be seen at both ends of the NW.
One possibility is that the Pt has not fully melted before the start of NW growth.
Carbon
Pt
SnO2

Pt

Pt

SnO2
Pt

Pt

Pt

ZnO/SnO2
interface

500 nm

1 µm

SnO2

ZnO

250 nm

Figure 4.7 Top: schematic showing the various crystallographic orientations of
SnO2 NW growth in ZnO (11-20) substrates catalyzed by Pt. Bottom: SEM images of SnO2
NWs grown by Pt in an etched ZnO (11-20) substrate Left: surface Center: FIB lamella
cross-section Right: FIB cross-section.

EDS analysis was utilized to determine the composition of the composite material.
The EDS spectrum contains a small peak for Sn and the map shows the location of the Sn
74

(Figure 4.8). From this analysis, there appears to be a thin layer of Sn on the surface of
the substrate in addition to the NW growth. During NW growth there is sometimes a
competitive VS growth of polycrystalline materials depending on the growth
conditions.144 Continual optimization is necessary to determine if control over the
VLS/VS growth is possible. The EDS mapping also shows that Pt exists at the bottom of
the NNW and that there is a void for Zn for the length of the NW.

Sn

500 nm

Pt

Zn

Figure 4.8 SEM and detailed EDS analysis of SnO2 NWs grown by Pt in an etched
ZnO (11-20) substrate.

A more detailed analysis by TEM shows that Pt was located along the NW in various
places (Figure 4.9). We observed voids in the single-crystalline SnO2 NW, which may be
explained by ion beam damage during milling, carbon contamination, or electron beam
damage.
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Pt

Pt

SnO2
SnO2

Figure 4.9 TEM images of a lamella of SnO2 NWs catalyzed by Pt in an etched
ZnO (11-20) substrate.

CHAPTER 5. CONCLUSION

NWs have a promising future in many fields such as electronic, sensors, and photonic
devices due to their unique properties such as high aspect-ratio and single-crystalline
structure. Many growth methods that produce high-quality NWs need external fabrication
methods to control the location of NW growth to be utilized NWs in devices. The top-down
approaches

have

predominantly

dominated

the

electronics

industry,

mainly

photolithography which can produce high-throughput and low-cost materials. To achieve
nanoscale devices, the use of an electron beam is necessary for lithography, but this process
has a low-throughput and high costs. Thus, there is a critical need to develop synthetic
methods to precisely align NWs to be able to further incorporate them into devices.
The research described here shows a potentially more effective means of forming wellaligned nanostructured materials by applying the SLV method to etch various crystalline
materials. Furthermore, growing NWs of a different material from within these etched
pores reduces numerous issues with freestanding NWs such as straightness, aligning, and
ability to now manipulate the material since the NWs are enclosed. Several systems were
studied with the goal of forming a SLV-VLS composite material. To summarize, in singlecrystalline SnO2 etch by Au there was a competition between the diffusion of Au across
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the SnO2 thin-film and SLV etching of NNWs. Although the number of NNWs was limited,
we showed that ZnO NWs could be grown from within these confined NNWs, which was
also performed using a Pt catalyst which did not experience the diffusion process away
from the bottom of the NNW. In comparison, polycrystalline SnO2 etch by Au showed less
diffusion and the ZnO NWs formed a demonstrated interface of SnO2/ZnO that was
determined by EDS. The SLV etching of ZnO (0001) substrate with Au and Pt and ZnO
(11-20) substrate with Au were interesting due to unique hexagonal crystal facets visible
from FIB cross-section. Notably, the ZnO (11-20) when etched with Pt showed etching in
three crystallographically equivalent directions with the catalyst at the bottom reusable to
grown SnO2 NWs. In this work, we contributed to the scientific understanding of the wellknown VLS NW growth process by studying VLS growth from within confined regions,
the reverse SLV mechanism within a variety of metal oxides, demonstrated a unique
combination method to synthesize interface arrays, and utilized various microscopy
techniques to elucidate the structure of these materials.
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